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allows life to flourish. Because we cannot see, smell, 
or taste air, it may seem surprising that between your 
eyes and the pages of this book are trillions of air mol- 
ecules. Some of these may have been in a cloud only 
yesterday, or over another continent last week, or 


perhaps part of the life-giving breath of a person who’ 


lived hundreds of years ago. | 

To see how unique our earth's atmosphere really is, 
we will begin by comparing it with other planetary at- 
mospheres. At the same time, we will examine a 
number of important concepts and ideas about the 
earth’s atmosphere itself that will be expanded in sub- 
sequent chapters. l 


m A JOURNEY THROUGH SPACE 


Imagine—for a moment—that we have the power to 
travel through space at fantastic speeds. Suppose we 
are in a space capsule hurtling through the universe at 
nearly the speed of light, our destination a small 
planet called “Earth.” What features might we see dur- 
ing our journey? 

Peering outside, we would see bright specks by the 
hundreds of billions, surrounded by deep, dark space. 


FIGURE 1.1 A spiral galaxy c nsisting of more than 100 billion stars. 
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As we approach one of these specks, it becomes larger 
and brighter, taking on the shape of an elongated 
saucer with spiraling arms. To our astonishment, it is 

not a single spot of light at all, but a cluster of One 


undred billion stars—a galaxy? The width of the | 


galaxy is enormous: Light takes nearly:100, ,000 years, 
to travel from one side to the other. 

The stars comprising a galaxy are hot, glowing balls 
of gas that generate energy by converting hydrogen 
into helium near their centers*The brightness, color, 
and size of the stars vary. Some of the large stars are 
blue, whereas others are red. There are smaller yellow 
stars, white stars, and even faint red ones. The blue 
stars are hotter, “burn” their hydrogen quickly, and 
may last for only a few million years. The yellow and 
faint red stars, being cooler, “burn” more slowly and 
may exist for many billions of years. Between the stars , 
se TE pene post aro gases, of which hy- } 


e nally; we see 


'ansexploding star—a supernova—which sends bits / 


and pieces of stellar matter whirling through space in — 


all directions, ultimately to become the material for, 
the creation of new stars and planets. 

Within this vast universe, there are billions of gal- . 
axies, each with hundreds of billions of stars of vary- 
ing ages and sizes. Our task is to find a single planet 
that orbits an average size star known as the “sun, 
situated i ina 1 galaxy called the Milky Way. ont” 

s located near the edge of the Milky a 

‘oxi ately 300 million billion ae 
(km) from the galaxy’s center. AThis extremely large 
number can be written in-short form as 3X107, which 
means 3 followed by 17 zeros, or 300,000,000,000,- 
000,000 km. (See Appendix A for further explanation 
of this system of notation.) Looking at the Milky Way: 
galaxy, we see only stars,jno planets. Planets are too 
small to be seen indivi on on d scale. — srl 
also cooler o objects and do not gene 
A plan net, such as earth, is visible 


Ú 


Hi PLANETARY ATMOSPHERES 


As we move toward the sun, it appears as a tiny speck 
of light surrounded by millions of other bright specks. 
Gradually, it appears larger and hs aes and soon 


d 
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50°C (122°F) on the ops hot subtropical de- 
sert.. 

- The most striking bl of the planets is the subtle 
nature of their colors: Mars appears red, Earth and 
Neptune blue, and 'Jupiter everchanging shades of 
- Orange, brown, yellow, gray, and light blue. 

Jupiter's colors are actually bands of clouds that 
spread laterally parallel to its equator. This spreading 
is probably due to Jupiter's rapid rate of rotation, 
which is about once every 10 hours. ‘A prominent fea- 
ture on Jupiter'is a great red spot about 3 times larger 
than the Earth. (See Fig. 1.3.) This spot appears to be a 
huge atmospheric storm that spins counterclockwise 
in Jupiter's southern hemisphere, completing one rev- 
olution every six days. Large, white ovals near the 
great red spot are probably similar, but smaller, storm 
systems. 

Studying the atmospheres of other planets may give 
us some insight into the behavior of the atmosphere on 
earth. Suppose, then, we briefly investigate the atmo- 
spheres of Jupiter, Venus, and Mars. Jupiter’s atmo- 
sphere is composed primarily of hydrogen (H,) and 
helium (He), with minor amounts of methane (CH,) 
and ammonia (NH). Its opaque cloud cover is prob- 


FIGURE 1.3 A portion of Jupiter extending from the equator to the 
southem polar latitudes. The great red spot, as well as the smaller ones, | 
appears to be spinning eddies similar to the eddies (high and low ! 
pressure areas) that exist in the Earth's atmosphere. 4 


A 


pr 


si 
o 


FIGURE 1.4 Venuswithits cloud cover. At the surface, beneath these 
clouds, the air temperature averages a scorching 480°C. 


ably made of tiny, suspended flakes of frozen am- 
monia. The Venusian atmosphere is much different 
from that of Jupiter. It is mainly carbon dioxide (95 


* percent), with minor amounts of water vapor and 


nitrogen. An opaque acid-cloud deck encircles the 
planet at about 50 km above the ground, preventing us 
from viewing its surface (Fig. 1.4). In 1985, a Soviet 
spacecraft dropped a balloon (built jointly by France 


- and the Soviet Union) into the middle portion of this 
- cloud-shrouded atmosphere. The balloon, which car- 


ried a gondola of instruments, revealed turbulent mo- 
tions, waves, and winds in excess of 200 km (124 
miles) per hour. ` 

Gravity holds a planet’s atmosphere close to its sur- 
face. The weight of this air exerts a force upon the 


| _ planetand everything on it. This force—exerted over a 


given area—is what we call atmospheric pressure. 
Generally, the more air above a region, the higher the 
surface air pressure; the less air above a region, the 
lower the pressure. Because the es of Venus 
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shape is small; the equatorial diameteris a mere 43 km 
(27 mi) greater than the polar diameter. The bulging is 
due to the prolonged stress put on its midsection as the 
earth spins. anan o 

Each day, the earth makes one complete rotation 
about its axis (an imaginary line running through the 


planet between the North and South Poles). Looking ` 


down upon the North Pole, we see that the direction of 
spin is counterclockwise. As the earth rotates, it also 
revolves around the sun, completing one complete 
orbit in a little more than 365 days, or one year. 

The earth is unlike any other planet in our solar sys- 
tem. On it, blue seas stand out against an overlay of 
white clouds. The earth is a water planet, as water 
covers nearly three-fourths of its surface. Its atmo- 
sphere is a thin, gaseous envelope comprised mostly 
of nitrogen (N3) and oxygen (O,), with small amounts 
of other gases such as water vapor (H,O), carbon 
dioxide (CO,), ozone (O,), and clouds of liquid water 
and ice crystals. (We will investigate these gases in 
more detail in Chapter 2. However, fora closer look at 
a breath of this air at the surface of our planet, read the 
Focus section on p. 10.) a 

Even though the atmosphere extends upward for 
many hundreds of kilometers, almost 99 percent of it 
lies within 30 km (18 mi) of the earth's surface. In fact, 
if the earth were to shrink to the size of a beach ball, its 
inhabitable atmosphere would be thinner than a piece 


of paper. This thin blanket of air constantly shields the 
planet's surface and its inhabitants from the sun's 
dangerous ultraviolet radiation, as well as from the 
onslaught of material from interplanetary space. 
There is no definite upper limit to the atmosphere; 
rather, it becomes thinner and thinner, eventually 
merging with the empty space that surrounds all the 
planets. (See Fig. 1.6.) | 

Near the edge of the atmosphere, we occasionally 
see a sudden streak of light, a “shooting star,” which 
remains visible for a second or two. These trails of 
light occur when small particles from space called 
meteoroids enter into the atmosphere, heat up due to 
friction with the air molecules, and vaporize. The 
daily bombardment of millions of these particles, 
many of which are no larger than a grain of sand, 
leaves a thinlayer of dustin the upper atmosphere that 
slowly settles earthward. ( 


A SATELLITE'S VIEW OF THE EARTH Suppose we orbit 
the earth at an altitude of 36,000 km (22,300 mi). At 
this elevation, if we travel at the same rate as the 
earth's rotation, we will remain positioned above the 
same spot; thus, we can continuously monitor what is 
taking place beneath us. Looking down upon the earth 
from this altitude, we obtain a visual picture of the 
earth and its atmosphere, such as that shown in 
Fig. 1.7. 


FIGURE 1.6 The earth’s atmosphere as 
viewed from space. The thin blue area near 
the horizon represents the most dense 
part of the atmosphere. Í 
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FIGURE 1.7 This satellite picture (taken in visible, reflected light) shows a variety of cloud patterns 
and storms in the earth’s atmosphere. 


If we could examine a breath of air, we 
Would see that air (like everything else in 
_ the universe) is composed of incredibly 
tiny particles called atoms. We cannot see 
‘atoms individually, even with our most 
‘powerful microscopes. Yet, if we could 
see one, we would find electrons whirling 
at fantastic speeds about an extremely 
- dense center, somewhat like hum- 
mingbirds darting and circling about a 
flower. At this center, or nucleus, are the 
protons and neutrons. Almost all of the 
- atom’s mass is concentrated here, in a 
trilionth of the atom’s entire volume. Inthe 
nucleus, the proton carries a positive 
‘charge, whereas the neutron is electrically 
neutral. The circling electron carries a 
negative charge. As long as the total 
- number of protons in the nucleus equals 
the number of orbiting electrons, the atom 
- asa whole is electrically neutral (Fig. 1). 
Most of the air particles are molecules, 
. combinations of two or more atoms (such 
as nitrogen, Nz, and oxygen, O»), and 
most of the molecules are electrically 
neutral. A few, however, are electrically 
charged, having lost or gained electrons. 
These charged atoms and molecules are 
called ions. e 
An average breath of fresh air contains 
a tremendous number of molecules. With 
every deep breath, trillions of molecules 
from the atmosphere enter your body. 
Some of these inhaled gases become a 
part of you, and others are exhaled. 


FOCUS ON A SPECIAL TOPIC 


A BREATH OF FRESH AIR 
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Neutron 
Proton (+) 


Electron (-) 


FIGURE 1 An electrically neutral atom has 
the same number of protons inits nucleus as 
it has orbiting electrons. 


The volume of an average size breath of 
air is about a liter.” Near sea level, there 
are roughly ten thousand million million 
million (10?) air molecules in a liter. So, 


1 breath of air = 10% molecules. 


- Wecanappreciate how large this number 


is when we compare it to the number of 
Stars in the universe. 


Astronomers have estimated that there 


are about 100 billion (10**) stars in an 
average size gal 
as many as,10" galaxies in the universe. 
To determine the total number of stars in 
the universe, we multiply the number of 
stars in a galaxy by the total number of 


- galaxies and obtain: 


10" x 10" = 10” stars in universe. 


*One cubic centimeter is about the size of a 


sugar cube, and there are a thousand cubic . 
_ centimeters in a liter. 


and that theremaybe . 


Therefore, each breath of air contains 
about as many molecules as there are 
stars in the known universe. 

In the entire atmosphere, there are 
nearly 10** molecules. Since the number 
10% is 10% squared, as 


10? x 102 = 10“ molecules in the 
atmosphere, 


we conclude that there are about 102 
breaths of air in the entire atmosphere. In 
other words, there are as many molecules 
ina single breath as there are breaths in: ` 
the atmosphere. l 

- Each time we breathe, the molecules 
we exhale enter the turbulent atmosphere. 
Ifwe waita long time, those molecules will 
eventually become thoroughly mixed with 
all of the other air molecules. If none of the 
molecules were consumed in other 
processes, eventually there would be a 
molecule from that single breath in every - 
breath that is out there. So, considering 


the many breaths people exhale in their 


lifetimes, itis possible that in our lungs are 
molecules that were once in the lungs of 
people who lived hundreds or even 
thousands of years ago. Thus, in a very - - 
real way, we all share the same atmo- 
sphere. t= 


toward lower pressure. Because of the earth’s rotation, 
the winds are deflected toward the right in the North- 
ern Hemisphere.* This causes the winds to blow 
clockwise and outward from the center of the highs, 


and counterclockwise and inward toward the center of - 


the low. 


*This deflecting force, known as the Coriolis force, is discussed 
more completely in Chapter 10, as are the winds. 


As the surface air spins into the low, it converges ° 
(flows together) and rises, much like toothpaste does 
when its open tube is squeezed. The rising air cools, 
and the moisture in the air condenses into clouds. 
Notice in Fig. 1.8 that the area of precipitation (the 
shaded green area) in the vicinity of the low corre- 
sponds to an extensive cloudy region in the satellite 
photo (Fig. 1.7). 


- Also notice by comparing Figs. 1.7 and 1.8 that, in 


the regions of high pressure, skies are generally clear. 
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Therefore, in order to properly forecast the weather, 


we need to know not only the weather at the surface, 


but also the weather aloft. In Chapters 14 and 15 we 
will look more closely at the influence upper-level 
winds and pressure Syte hive on our surface 
weather. . 


THE EVERCHANGING WEATHER AND CLIMATE Observ- 
ing storm systems, we see that not only do they move, 
but they constantly change. Steered by the upp er-level 
. westerly winds, the middle latitude storm in Fig. 1.8 
intensifies into a larger storm, which moves eastward, 
carrying its clouds and weather with it. In advance of 
this system, a sunny day in Ohio will gradually cloud 
over and yield heavy showers and thunderstorms by 
nightfall. Behind the storm, cool, dry northerly winds 
rushing into eastern Colorado cause an overcast sky to 
give way to clearing conditions. Further south, the 
thunderstorms presently over the Gulf of Mexico (Fig. 
1.7) expand a little, then dissipate as new storms ap- 
pear over water and land areas. To the west, the hur- 
ricane over the Pacific Ocean drifts northwestward 
and encounters cooler water. Here, away from its 
warm energy source, it loses its punch; winds taper 
off, and the storm soon turns into an unorganized mass 
of clouds and tropical moisture. 

As we can see, the weather—the condition of the at- 


mosphere at any particular time and place—is always © 


changing. Weather is comprised of the elements of: 


. air temperature 
. air pressure 

. humidity 
clouds | 

. precipitation 

. visibility 

. wind 


Noo hon = 


‘If we were to measure and observe these weather ele- 
ments over a specified interval of time, say, for many 


years, we would obtain the “average weather” or the ` 


climate of a particular region. Climate, therefore, 

represents the accumulation of daily and seasonal 
weather events over a long period of time. The concept 
of climate also includes the extremes of weather—the 
heat waves of summer and the cold spells of winter— 
that occur in a particular region. The frequency of 
these extremes is what helps us distinguish among gis 
mates J: have similar averages. 
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If we were able to watch the earth for many thou- 


sands of years, even the climate would change. We 


would see rivers of ice moving down stream-cut 
valleys and huge glaciers—sheets of movingsnow and 
ice—spreading their icy fingers over large portions of 


. North America. Advancing slowly from Canada, a sin- 


gle glacier might extend as far south as Kansas and 
Illinois, with ice several thousands of meters thick 
covering the region now occupied by Chicago. Over an 


interval of 2 million years or so, we would see the ice 


advance and retreat several times. Of course, for this 


_ phenomenon to happen, the average temperature of 
North America would have to decrease and then rise 


in a cyclic manner. 

Suppose we could photograph the earth once every 
1000 years for many hundreds of millions of years. In 
time-lapse film sequence these photos would show 
that not only is the climate altering, but the whole 
earth itself is changing as well: Mountains would rise 
up only.to be torn down by erosion; isolated puffs of 
smoke and steam would appear as volcanoes spew hot 
gases and fine dust into the atmosphere; and the entire 
surface of the earth would undergo a gradual transfor- 
mation as some ocean basins’ widen and others 
shrink.* 

In summary, the earth and its atmosphere are 
dynamic systems that are constantly changing. While 
major transformations of the earth’s surface are com- 
pleted only after long spans of time, the state of the at- 
mosphere can change in a matter of minutes. Hence, a 
watchful eye turned skyward will be able to observe 
many of these changes. (In this section we looked at 


- the concepts of weather and climate without discuss- - 
ing the word meteorology. If you are curious about 


what this term actually means and where it originated, 
read the Focus section on p. 13.) 


WEATHER AND CLIMATE IN OUR LIVES 


Weather and climate play a major role in our lives. 
Weather, for example, often dictates the type of cloth- 
ing we wear, while climate influences the type of 
clothing we buy. Climate determines when to plant 


*The movement of the ocean floor and continents is explained in 
the widely acclaimed theory of plate tectonics, formerly called the 
theory of continental drift. 
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the passage of warm fronts, when the air is relatively 
warm and moist, pressure is falling, and rain and wind 
are common; and (2) after the passage of cold fronts, 
when an abrupt change takes place as showery precip- 
itation is accompanied by cold, gusty winds, rapidly 


rising pressure, and decreasing humidity. Headaches. 


are common on days when we are forced to squint, 
often due to hazy skies or a thin, bright overcast layer 
of high clouds. 

_ For some people, a warm, dry wind blowing down- 
slope (a chinook wind) adversely affects their be- 
havior (they often become irritable and depressed). 
Just how and why these winds impact humans 
physiologically. is not well understood. We will take 


FIGURE 1.10 Tornadoes annually inflict widespread damage and 
cause the loss of many lives. 
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up the question of why these winds are warm and dry 
in Chapter 11, where we examine local wind systems. 
When the weather turns colder or warmer than nor- 
mal it influences the lives and pocketbooks of many 
people. For example, the cool summer of 1985 over the 
eastern two-thirds of North America saved people 


“more than $13 billion in air conditioning costs. On the 


other side of the coin, the bitter cold winter of 1986— 


-1987 over Europe killed many hundreds of people and 


caused fuel rationing as demands for fuel exceeded 
supplies. 

Major cold spells accompanied by heavy snow and 
ice can play havoc by snarling commuter traffic, cur- 
tailing airport services, closing schools, and downing 
power lines, thereby cutting off electricity to thou- 
sands of customers. One such storm during February, 
1983, buried many eastern cities, and left Philadel- 
phia paralyzed with a snow depth of 21 inches. When 
the frigid air settles into the deep south, many millions 
of dollars worth of temperature-sensitive fruits and 
vegetables may be ruined, the consequence of which 
often shows up as higher produce prices in the super- 
market. 

Prolonged dry spells, especially when accompanied 
by high temperatures, can lead to a shortage of food 
and, in some places, widespread starvation. Parts of 
Africa, for example, have been in the grip of a major 
drought and famine for several decades. Organiza- 
tions and major benefits have saved millions of starv- 
ing people by providing outside aid. In 1986, the 
southeastern section of the United States suffered 
through its worst drought as searing summer tempera- 
tures wilted crops, causing losses in excess of one bil- 


lion dollars. When the climate turns hot and dry, ani- 


mals suffer too. Over 500,000 chickens perished in 
Georgia alone during a two-day period at the peak of 
the summer heat. Severe drought also has an effect on 
water reserves, often forcing communities to ration 
water and restrict its use. 

Each year the violent side of weather influences the 
lives of millions. It is amazing how many people 
whose family roots are in the Midwest know the story 
of someone who was severely injured or killed by a 


tornado. Tornadoes have not only taken many lives, 


but annually they cause damage to buildings and 
property totaling in the hundreds of millions of dol- 
lars, as a single large tornado can level an entire sec- 
tion of a town. (See Fig. 1.10.) 
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study of the atmosphere and all of its related phenom- 
ena is called meteorology, a term whose origin dates 
back to the time of Aristotle. 

Weather and climate affect our lives in many ways, 
from how we feel on-a cold, windy day, to the type of 
clothing we purchase for the coming season. In this 
chapter we have briefly looked at some of the ways 
weather and climate influence our lives. 


E KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


atmosphere 

middle latitudes z 
middle latitude cyclonic storm 
hurricane 

thunderstorm 

tornado 

lows 

highs 

wind 

wind direction 

fronts 

weather 

weather elements 

climate . 

meteorology 


_ El QUESTIONS FOR REVIEW 


‘1. What is the primary source of energy for the earth's 
atmosphere? 
2. Compare the composition of Earth’s atmosphere to 
the atmosphere of Jupiter, of Mars, and of Venus. 
3. Why is the surface temperature on Venus so much 
warmer than that on Earth or on Mars? 
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4. Explain how the atmosphere “protects” inhab- 
itants at the earth’s surface. 
5. What are two other names often applied to.a mid- 
dle latitude cyclonic storm? 
6. Rank the following storms in size from-largest to 
smallest: hurricane, tornado, middle latitude 
“storm, thunderstorm. 
7. In what direction do the winds generally blow 
around a surface high pressure area and a surface 
low pressure area in the Northern Hemisphere? 
8. Distinguish between a warm front and a cold front. 
9. Weather in the middle latitudes tends to move in 
hl what general direction? 
10. Describe some of the features observed on a sur- 
u. face weather map: 
List the common weather elements. 
. How does weather differ from climate? 
s Define meteorology and discuss the origin of this 
word. 
14. Describe some of the ways weather and climate in- 
fluence the lives of people. 


Ed 


El QUESTIONS FOR THOUGHT 


1. Which of the following statements relate more to 
- weather and which relate more to climate? 

(a) The summers here are warm and humid. 

(b) Cumulus clouds presently cover the entire sky. 

(c) Our lowest temperature last winter was —28°C 

(—18°F). 
(d) The air temperature outside is 22°C (72°F). 
': (e) December is our foggiest month. 
(f) The highest temperature ever recorded in 
= Phoenixville, Pennsylvania, was 44°C (111°F) 
on July 10, 1936. . 

(g) Snow is falling at the rate of 5 cm (2 in.) per 
hour. 
The average temperature for the month of Janu- 
ary in Chicago, Illinois, is —3°C (26°F). 


(h 


od 


E PROBLEMS AND EXERCISES 


1. Keep track of the weather. On an outline map of 
North America, mark the daily position of fronts 
and pressure systems for a period of several weeks 
or more. (This information can be obtained from 
newspapers or TV news broadcasts.) If upper-level 
winds are available, plot the general upper-level 
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flow pattern on the map. Observe how the surface 


_ systems move. Relate this information to the mate- 


rial covered in later chapters. 


. Compose a one-week journal, including daily 


newspaper weather maps and weather forecasts. 


Provide a commentary for each day as to the coinci- 


dence of actual and predicted weather. 


The earth's atmosphere is a rich mixture of many gases, with clouds of condensed water 
vapor and ice crystals. Here, rising air currents transform water vapor into puffy cumulus 
clouds. (Photo by author) - E E 


‘€HAPTER 
A 


THE EARTH'S ATMOSPHERE: 


- ORIGIN, COMPOSITION, 


AND STRUCTURE 


AAA a > A 


CONTENTS 


THE ORIGIN OF THE EARTH'S ATMOSPHERE 


PRESENT COMPOSITION OF THE ATMOSPHERE 


Gases and Particles 

FOCUS ON A SPECIAL TOPIC: 

Pollutants in the Atmosphere 
Water in the Atmosphere 
Circulation of Water in the Atmosphere 
THE BEHAVIOR OF AIR 
Temperature Scales 
An Overview of Pressure and Density 

FOCUS ON A SPECIAL TOPIC: 

Is Moist Air Less Dense than Dry Air? 
Pressure Units 
Barometers 
A Rapid Drop in Pressure 
Rising Air Cools and Sinking AirWarms -.. 
The Atmosphere Obeys the Gas Law 

FOCUS ON AN ADVANCED TOPIC: 

A Closer Look at the Gas Law 
LAYERS OF THE ATMOSPHERE 
- The Troposphere i 

FOCUS ON INSTRUMENTS: 
The Radiosonde 
The Stratosphere 
Stratospheric Ozone 
FOCUS ON A SPECIAL TOPIC: 
` The Ozone Hole 
* The Mesosphere 
The Thermosphere 
Homosphere and Heterosphere 
The lonosphere 
FOCUS ON AN APPLICATION: | 
The lonosphere and Radio Communication 
SUMMARY 
KEY TERMS: 
QUESTIONS FOR REVIEW 
QUESTIONS FOR THOUGHT 
PROBLEMS AND EXERCISES 


| well remember a brilliant red balloon which kept me completely 
happy for a whole afternoon, until, while | was playing, a clumsy ` 
movement allowed it to escape. Spellbound, | gazed after it as 
it drifted silently away, gently swaying, growing smaller and y 
smaller until it was only a red point in a blue sky. At that moment 

| realized, for the first time, the vastness above us: a huge space 
without visible limits. It was an apparent void, full of secrets, 
exerting an inexplicable power over all the earth's inhabitants. — 
| believe that many people, consciously or unconsciously, have 
been filled with awe by theimmensity of the atmosphere. All our 
knowledge about the air, gathered over hundreds of years, has 


“not diminished this feeling. 


Theo Loebsack, Our Atmosphere 
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questions we will address in this chapter. 
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us to draw conclusions about our earth’s early atmo- 
sphere. Because the earth andiits earliest atmosphere 
are believed to have formed from the remnants of 
exploding stars, we will examine stars first. - 


Stars are composed mostly of hydrogen. In the star’s: 


core, where temperatures are several million degrees: 
and pressures are enormous, hydrogen nucleiare able 
to fuse into a new element: helium” This process, 
called nuclear fusion’, may continue inside the star for 
billions of years. In older stars, the core gradually be- 


comes depleted of hydrogen, and helium becomes the ' 


primary constituent. If temperatures and pressures in 
the core are high enough, the helium may fuse into the 
heavier element carbon. Likewise, in more Massive 
stars, it is hypothesized that if temperatures and pres- 
sures continue to be sufficiently high, the carbon is 
converted into still heavier elements. In extremely 
massive stars, the production of elements goes on and 
on and, eventually, comes to an abrupt end in a great 
- explosion—a supernova—that hurls the elements 

manufactured over thousands of millions of years out 
into space. : 


Suppose the remains of many exploding stars, as” 


well as interstellar dust and gasy(mostly hydrogen), 
form an enormous cloud—a nebula? Under the influ- 
ence of its own gravity, the cloud slowly contracts to- 
ward its center. As it shrinks, it spins. The spinning 


increases as the cloud grows smaller. Gradually, the” 


spinning nebula takes on the shape of a disk. Near the 
center, the compressed gas and dust increase in tem- 
perature many millions of degrees, nuclear reactions: 
begin, and anew star is bornsAround the star are rings 
_ of matter left behind'as the cloud contracted. As these 


smaller masses slowly coalesce, they do not become 


hot enough to produce nuclear reactions. Hence, they ` 


become planets2—planets that may have atmospheres. ' 
If, indeed, the earth formed froma contracting mass 
of dust and gas, its earliest atmosphere must have been 


comprised of the same gases from which it formed. 


These gases included hydrogen and helium (the two’ 
most abundant gases in the universe), as well as hy- 
drogen compounds, such as methane (CH,) and am” 
monia (NH3). What has happened in the 4.6 billion 
years since the earth formed? Where, for example, has 
all the hydrogen gone? 

Hydrogen and helium are extremely light molecules 
that could simply have escaped the pull of the earth’s 
gravity. The remaining gases may have been blown off 
into space by heat generated from either the bombard- 
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ment of rocky material from space or from an outpour- 
ing of extra energy from the sun. In any case, it appears. 
that the earth was stripped of its primitive atmosphere 
early in its development However, we do have an at- 
mosphere today. Where did it come from? ' 
Billions of years ago, gases trapped inthe earth’s hot | 


interior during its formation were’ probably expelled 
at the surface by large numbers of volcanoes, fissures 


(giant cracks), and fumaroles (steam vents). We as- 
sume that volcanoes spewed out the same gases then, 
as they do today: mostly water vapor (about 85 per- y 
cent), carbon dioxide (about 10 percent), and up to.a y, 
few percent nitrogen. These gases probably created 
the earth’s second atmosphere. 

As hundreds of millions of years passed, our atmo- 
sphere gradually cooled. The constant outpouring of \ 
gases from the hot interior—known as outgassing— ||. 
provided arich supply of water vapor, which formed 
into clouds. Rains fell upon the earth for many 
thousands of years, forming the rivers, lakes, and 
oceans of the world. During this time, large amounts of 
carbon. dioxide were dissolved in the oceans. (Even 
today, the oceans act as a reservoir for carbon dioxide.) 


Through chemical and biological processes, much of 


the carbon dioxide became locked up in carbonate 
sedimentary rocks, such as limestone. With much of 
the water vapor already condensed and the concentra- 
tion of carbon dioxide dwindling, the atmosphere 


‘gradually became rich in nitrogen (N 2), which is usu- 
ally not chemically active. 


Where does oxygen, the second most abundant gas 


ein today’s atmosphere, fit into the picture? In the early 


1980s, astronomical measurements made with an or- 
biting telescope revealed that young stars less than 
1 billion years old give off many times more ultra- 
violet radiation than does the sun today. If the sun 
gave off such energetic rays in its early years, they 
would have been sufficient to split water vapor (H,0) 
into molecules of hydrogen and oxygen. The hydro- 
gen, being lighter, probably rose and escaped into 


- Space. The oxygen remained in the atmosphere, grad- 


ually increasing in concentration. In fact, analysis of 
the oldest known rocks (estimated to be 3.5 billion 
years old) reveal oxidized iron in amounts suggesting 


_ that the early atmosphere’s oxygen level was much 


higher than once thought. Up to this point, the oxygen, 
content of the atmosphere increased very slowly, 
Eventually, however, the splitting of water vapor 


by the sun’s energy—-called | photodissociation— 


provided enough oxygen for primitive plants to 
evolve, perhaps 2 to 3 billion years ago. In the pres- 


ence of sunlight, plants combine carbon dioxide and, 
water to produce oxygen: This process, called photo-, 


synthesis, provided the atmosphere with arich supply 
of oxygen. Hence, after this time, the atmospheric oxy- 
gen content increased more rapidly, probably reach- 
ing its present composition about several hundred 
million years ago. 


“ PRESENT COMPOSITION OF THE ATMOSPHERE 


Our atmosphere has gradually, yet delicately, evolved 
over hundreds of millions of years to the point where, 
today, we unthinkingly inhale and exhale a mixture of 


gases consisting mainly of nitrogen (78 percent) and” 


oxygen (21 percent)! Table 2.1 shows the percent by 
volume of the various gases in the earth's atmosphere. 


GASES AND PARTICLES The percent of nitrogen and 
oxygen in the atmosphere remains essentially con- 
stant from the: surface up to about 80 km (50 mi). 
Hence, near the surface, there is a balance between dè- 
struction (output) and production (input) of these 
gases! For example, nitrogen is removed from ‘the at- 


_ mosphere primarily by biological processes thatvin- 
volve soil bacteria. It is returned to the atmosphere » 


mainly through the decaying of plant and animal mat- 


PRESENT COMPOSITION OF THE ATMOSPHERE 


| 


21 


ter. Oxygen,yon the other hand, is removed fromthe” 


atmosphere when organic matter decays and when . 
oxygen combines with other substances, producing 
oxides. It is also taken from the atmosphere during 
breathing, as the lungs take in oxygen and release car- 
bon dioxide. The addition of oxygensto the atmo- 
sphere occurs during photosynthesis; as plants, in the 
presence of sunlight, combine carbon dioxide and 
water to produce sugar and oxygen. 

Carbon dioxide (CO,),'a natural component of the 
atmosphere, occupies a small (but important) percent 
of a volume of air, about 0.035 percent. Carbon dioxide» 
enters the atmosphere mainly from the decay of vege- 
tation, but it:also.comes from volcanic eruptions, the; 
exhalations of animal life, from the burning of fossil 
fuels (such as coal, oil, and natural gas), and from de- ` 
forestation: The removal of CO; from the atmosphere 


takes place. during photosynthesis,as plants consume 


CO, to produce green matter. The CO, is then stored in 
roots, branches, and leaves. The oceans act as a huge 
reservoir for CO», as phytoplankton (tiny, drifting 
plants) in surface water fix CO, into organic tissues. 
Carbon dioxide that dissolves directly into surface 
water mixes downward and circulates through greater 
depths. Estimates are that the oceans hold more than _ 
50 times the total atmospheric carbon dioxide content., 
Recent studies, though, indicate that land masses 
might absorb more CO, than was once thought. 
Figure 2.1 reveals that the atmospheric concentra- 
tion of CO, has risen about 10 percent since 1958, 


TABLE 2.1 gg Composition of the Atmosphere Near the Earth’s Surface i 
PERMANENT GASES : VARIABLE GASES 


PERCENT 
: (BY VOLUME i PERCENT PARTS PER 
GAS SYMBOL - DRY AIR) GAS (AND PARTICLES) SYMBOL (BY VOLUME) MILLION (ppm) 
Nitrogen N, 78.08 Water vapor H,O Oto4. i 


Oxygen © o 20.95 Carbon dioxide CO, 0.035 350 

- Argon — AT 0.93 Methane > Co: 0.00017 1.7 
Neon Ne 0.0018 - Nitrousoxide NO 0.00003 .. 0.3 
Helium He 0.0005 Ozone 0.000004 


H, = 0.00005 


Hydrogen Particles (dust, 
soot, etc.) 0.000001 0.01 
Xenon Xe 0.000009 Chlorofluorocarbons 
ij (CFCs) 0.00000001 0.0001 
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CO, Concentration (parts per million) 


62 64. 007 "08 MO 721 A 
Year (1900s) 


"when it was first measured at Mauna Loa Observatory 
in Hawaii. Notice that in 1958 the annual average 
value was about 315 parts per million (ppm)* by vol- 


ume, whereas the annual average in 1988 was about 
350 ppm, This increase appears to be due mainly to” 


the burning of fossil fuels, However, deforestation als 

plays a role as cut timber, either burned or left to rot, 
releases CO, directly into the air, perhaps accounting 
for about 20 percent of the observed increase. Scien- 
tists speculate that atmospheric levels of CO, have in- 


creased by as much as 25 percent since the early . 


1800s.’ Such estimates are based primarily on the 
analysis of air bubbles trapped in polar ice that accu- 
mulated from seasonal snowfalls over many centuries. 
Added evidence comes from the analysis of carbon 
found in sea corals and in ocean and lake sediments. 
With CO, levels presently increasing by about 0.4 per- 
- cent annually, scientists now estimate that the con- 
centration of CO, will likely double from its current 


value (350 ppm) sometime toward the end of the. 


twenty-first century. _ watt 
Carbon dioxide is known as a greenhouse gas be- 
cause it traps ajportion of the earth’s outgoing infrared’ 


*Three hundred and fifteen parts per million means that for every: 
million air molecules, 315 were CO, molecules. This is the same as 
0.0315 percent. 1 i EL i 


FIGURE 2.1 Measurements 
of carbon dioxide in parts per 
million (ppm) from 1958 through 
1988 at Mauna Loa Observa- 
tory. Higher readings occur in 
winter when plants die and 
release GO, to the atmosphere. 
Lower readings occur in 
summer when more abundant 
vegetation absorbs CO, from 
the atmosphere. 
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radiant energy=-somewhat like the glass of a green- 


house prevents the heat inside from escaping and mix- 


ing with the outside air. Consequently, as the atmo- 
spheric concentration of CO, increases, so could the 
average global surface air temperature. Most of the 


mathematical model experiments that predict future 
atmospheric conditions estimate that a doubling of 
CO, will result in a global warming of surface air be- 
tween 2°C and 5°C (about 3°F to 9°F). Such warming 
could reduce the quantity and quality of water re- 
sources (especially in the western United States) as 
the global air currents that guide the major storm sys- 
tems across the earth begin to shift from their “nor- 
mal” paths. (Chapter 19 examines the global warming 
phenomenon in depth.) 

Carbon dioxide is not the only greenhouse gas— 


_ recently others have been gaining notoriety, primarily 
- because they, too, are becoming more concentrated. 
. Such gases include methane (CHz), nitrous oxide 

(N20), and chlorofluorocarbons (CFCs).* Levels of 


methane, for example, have been soaring over the past 
decade, increasing by about one percent per year to a 
present value near 1.7 ppm. (See Table 2.1.) Most 


*Because these gases (including CO») occupy only a small fraction 
of a percent in a volume of air near the surface, they are referred to 
collectively as trace gases. 


plant material certain bacteria in rice paddies, wet’ 


ia a ¿A ical reactions in the 


known as laughing gas 
ÓN it every 


our ee 4 
| itrous oxide forms in the soil 
ionan a Enea] process involving bacteria and 


ltraviolet ligt | e su . 
“stroys it. Chlorofluorocarbons represent a group of 
greenhouse gases that, toe HENS been increasing in 
concentration. T} he t 


certain microbes. U| 


DNS BETA Today, however, they are 
mainly used as refrigerants, as propellants for. the © 
blowing of plastic-foam insulation, and as solvents for 
cleaning electronic microcircuits. Although their av- 
erage concentration in a volume of air is small—less 
than 0.0001 ppm—they are the most rapidly increas- 
ing Bae ISS gas a arate of 4to11 persent per year. 


3 of photoc chemical na which irritates the eyes and 
ee and damages vegetation. But the majority of at- 
mospheric ozone (about 97 percent) ‘is found in in the 


upper atm 10sphere—it n the atosphere—where it is 


formed aturally, a as OXY :ombine e with oxy- 
molecules: rd atr: ation of ozone: aver“ 
a oss than 0.00 , percent by volume: This small 


quantity is important, however, because it shields 
plants, animals, and humans from the sun’s harmful; 
ultraviolet rays, Tt is paradoxical that ozone, which 
damages plant life in a polluted environment, pro- 
vides a natural protective shield in the upper atmo- 
sphere so that plants on the surface may survive. We 
will shortly look at how CFCs injected into the strato- 
sphere may upset the ozone balance, and how the 
protective ozone shield itself may be gradually de- 
creasing. 

Impurities from both natural and human sources are 
also present in the atmosphere. Wind picks up dust 
from the earth’s surface and carries it aloft. Small salt- 


sito derive from the breakdown of / 


Bere s 
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water drops from ocean waves are swept into the air. 
Upon evaporating, these drops leave microscopic salt 
particles suspended in the atmosphere. Smoke from 
forest fires is often carried high above the earth, and 
volcanoes spew many tons of fine ash particles and 
gases into our air (Fig. 2.2). For example, the volcano 
Mount St. Helens in the Pacific Northwest erupted 
several times during 1980, sending many tons of ash 
and rock into the atmosphere. The largest eruption 
was a lateral explosion that pulverized a portion ofthe 
volcano’s north slope. The ensuing dust and ash cloud 
was confined mostly to the lower atmosphere (within 
10 km of the surface) and fell out quite rapidly over a 
large area of the northwestern United States. 
Some natural impurities found in the atmosphere 


ie ei beneficial. Small, float: ne cle 
stance, act as surfaces on whicl 


rm clouc ls. However, most ari =e 
impurities (and some natural ones) area nuisance, as 


FIGURE 2.2 Erupting volcanoes, such as Mount St. Helens, send tons 
of particles into the atmosphere, along with vast amounts of PSA 
and carbon dioxide. 
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FIGURE 2.3 The water molecule. 


ealth hazard. These we call pollutants! For 


Aa 


nol e if copious amounts 


ani a 


the | | 
oxid 2). ntains enougt 
water vapor, will ci acid ti 
form. Rain contai ing sulfuric acid corrodes metals 
and painted surfaces and turns freshwater lakes 
acidic. / in (thoroughly discussed in Chapter 19) 
is a major environmental problem, especially down- 
wind from major industrial areas. (For a detailed look 
at atmospheric pollutants, see the Focus section on 
As l 
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WATER IN THE ATMOSPHERE The concentration of the 
- invisible gas water vapor varies greatly from place to 


place, and from time to time. In warm tropical loca- 
tions, close to the surface, it may account for up to 4 


percent of the atmospheric gases, while in cold polar 
regions, its concentration may dwindle to a mere 
ace. (See Table 2.1.) The measure of the air’s wate 
emely important in the atmo- 
ttra 0 ] l Y 


'apor is extr 
~ sphere. Not only does i 


*The relative humidity is actually the amount of water vapor in the 
air compared to how much water vapor the air can hold ata partic- 
ular temperature. In Chapter 6, we will examine the various ways of 
describing the air’s water vapor content. : 
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atm onNnnearic 


such as thunderstorms and 


orm 


n adn 


hurric n, 

trongly absorbs infrared r: Ho ak- 

ing it an important greenhouse gas in the earth’s heat- 
energy balance. 

In the lower atmosphere, water is everywhere. In 
fact, it is the only substance that exists as a gas, a 
liquid, and a solid atthose temperatures and pressures 
normally found near the earth's surface. As a gas, 
water vapor molecules move about quite freely, mix- 
ing well with neighboring atoms and molecules..Asa, 

liquid; the water r a 1er,ánd so 
they constantly 
solid state (ice);t 


anes. 


` close om ay 


jostle and bump each. other. In the 


JIderty pattern; with each molecule more or less 
locked into a rigid position, able to vibrate, but not 
able to move about freely. 

Water vapor molecules are, of course, invisible. 
They become visible, however, when they transform 
into larger liquid or solid particles, such as cloud 
droplets and ice particles. In this process—known asa 
change of state or, simply, a phase change—water 
only changes its disguise, it does not change its 


identity. 


To better understand the importance that water 
plays in the atmosphere, consider this picture: You 
catch a falling snowflake in the palm of a glove. If we 
could magnify that tiny crystal of ice about a billion 
times, we would see H,O molecules in the shape of 
tiny heads that resemble Mickey Mouse (Fig. 2.3). The 
bulk of the “head” of the molecule is the oxygen atom. 


. The “mouth” is a region where an excess of negative 


charge is concentrated. The “ears” are partially ex- 
posed protons of the hydrogen atom, which are 
regions where an excess of positive charge is con- 
centrated. 
"When we look at many molecules (Fig. 2.4), we can 
see that they are locked into specific positions and ar- - 
‘ranged as a six-sided (hexagonal) rystalform we call 
ice; Recall that the molecules are unable to move about 
freely, but they do vibrate. As we observe the ice crys- 


- tal in freezing air, we see an occasional molecule gain 


enough energy to break away from its neighbors and 
enter into the air above. The molecule changes from an 


- ice molecule directly into a vapor molecule without 


pass 


ing through the liquid state. This ' 
ase Change is called mt 
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= Soe Fil a major 
pollutant of city air; colorless, odorless, 
poison gas; forms during incomplete 
combustion of carbon-containing fuel; 
over 75 percent in urban areas comes . 
from road vehicles. 


Estimates are that over 100 million tons of * 
- CO are spewed into the air annually over 
the United States alone. Fortunately, it is 
quickly removed from the atmosphere by 
microorganisms in the soil. But CO is 
dangerous even in small amounts. 
Because it cannot be seen or smelled, it 
can kill without warning. Your cells obtain 
oxygen through a pigment in your blood 

_ called hemoglobin: Hemoglobin picks up 
oxygen from the lungs, combines with it, 

_ and carries it throughout your body. 
Unfortunately, human hemoglobin prefers 
carbon monoxide to oxygen (O3). In fact, 
the attraction between hemoglobin and 
COis 300 times as strong as that between 
hemoglobin and O.. If there is much CO in 
the air, your brain will soon be starved of . 
oxygen, and headache, fatigue, drowsi- 
ness and even death may result.” 


SULFUR DIOXIDE ($03) colorless gas; 
comes primarily from the buming of 
sulfur-containing fuels (such as coal and 
oil, the fossil fuels); primary sources 
include power plants, heating devices, 


smelters, and petroleum refineries. 


Sulfur dioxide readily oxidizes to form 
sulfur trioxide (SO3) and, in moist air, 
sulfuric acid (H2SO4). High concentrations 
produce serious respiratory problems, 


*Should you become trapped in your car 
during a snowstorm and you have your ` 
engine and heater running to keep warm, roll 
down the window just a little. This will allow 
any carbon monoxide that may have entered 
the car through leaks i in the exhaust system 
to.escape. 
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such as bronchitis and emphysema. 
Sulfur dioxide also has an adverse effect 
-on plant life. In an attempt to reduce SO, 
emissions, certain industries are using fuel 
with a low-sulfur content. 


gases that form when 


some RY the nitrogen in the air reacts with 


oxygen during the high-temperature 
combustion of fuel; two primary nitrogen 
pollutants in cities are nitrogen dioxide 
(NO3) and nitric oxide (NO). 


Although NO, and NO are produced by 
natural bacterial action, their concentra- 
tion in urban environments is between 10. 
and 100 times greater than in nonurban 
areas. In moist air, nitrogen dioxide reacts 
with water vapor to form corrosive nitric 


acid. Concentrations of NO, may be 


sufficiently high in cities to color the sky a 


- reddish brown. The primary sources of 


nitrogen oxides are automobiles, industry, 
and waste disposal. Nitrogen oxides are 
removed from the atmosphere by natural 
processes, including reactions that occur 
in sunlight. High concentrations irritate the 
lungs. and lower the body's resistance to 
respiratory infections. Nitrogen oxides are 
highly reactive gases. They play akey role 
in the production of ozone and other 


. ingredients of photochemical smog. 


“HYDROCARBONS” individual organic 


compounds composed of hydrogen and 
carbon; occur as solids, liquids, and 
gases at room temperature. 


Even though tens of thousands of such 
compounds are known to exist, methane 
is the most abundant in urban air. An 
estimated 28 million tons of hydrocarbons 


are emitted into the air over the United 


States each year, mostly from gasoline 


. vapors that escape buming in auto 


engines. Certain hydrocarbons are known 


- to be carcinogens—cancer-causing 


agents. Hydrocarbons react with nitrogen 
oxides in the presence of sunlight to 
produce photochemical smog, including 
ozone (Oz), which is harmful to human 
health. 


"PARTICLES solid particles and liquid `- 


droplets small enough to remain 
suspended in the air; includes irritants 


_ (such as dust, soil, and smoke) as well as 


substances that may be highly toxic. 
Collectively, these tiny solid or liquid 

suspended particles of various composi- `. 
tion are called aerosols. ‘ 


Automobiles and industrial processes 
emit large quantities of particulate matter . * 
intothe atmosphere. Particles collectedin . 
urban environments include iron, lead, 
copper, nickel, and carbon. Particle 
pollution has its most immediate influence 
on the human respiratory system. Lead 
particles, most of which enter the air from 
auto exhaust, are especially dangerous 
because they are absorbed into the body ` 
and accumulate in bone and soft tissues. 
High concentrations of lead in the human’ 
body can cause brain damage, qomuy 
sions, and death. 


L SMOG “originally, the combining of 
smoke and fog; today, the word means 
the type of smog that forms in large cities, 
such as Los Angeles. 


Because this type of smog forms when 
chemical reactions take place in the 
presence of sunlight, it is termed 
photochemical smog. The principal 
component of photochemical smog is 
ozone (O3), agas that irritates the mucous 
membranes of the respiratory system. 
Ozone and other oxidants are not emitted 
into the air directly but form in the 
atmosphere from reactions involving 

- other pollutants. 
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POLLUTANTS IN THE ATMOSPHE 


In polluted air, hydrocarbons disrupt 
the reactions because they may react with 
either oxygen atoms or ozone. Although 
not everything is known about the 
reactions that take place among 
hydrocarbons and other gases, it is 
believed that these reactions disrupt the 
normal mechanism for ozone removal, 


As heat energy is added to our ice crystal, the mole- 
cules start to vibrate faster. In fact, some of the mole- 
cules actually vibrate out of their rigid crystal pattern 
into a disorderly condition—the ice melts. If we could 
watch this magnified water drop closely, we would 
see that some of the molecules are moving much faster 
than others. The energy associated with this motion is 
called kinetic energy. The temperatu E 
any substance) is a ( 
energy. Simply stated 


1verage speed of tl If heat energy is 
applied to the water, its molecules jiggle faster, and its 
temperature goes up. Conversely, if heat energy is re-| 
moved, the molecules move more slowly, and the tem- 
perature goes down: — j S, 
A dynamic process occurs continuously at the sur- 


face of water. Molecules with enough speed (and | 
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FIGURE 2.4 The partially exposed hydrogen atom of one molecule is 
attracted to the negative oxygen atom of another molecule. Because 
the hydrogen atoms of each water molecule are separated by an angle 
of 105°, the joining of many billions of molecules produces a hexagonal- 
shaped ice crystal. In the atmosphere, many ice crystals may join 
together to form a snowflake. 
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RE, continued 


and so the concentration of ozone is able 
to increase. While this is taking place, the 
product of a reaction between oxygen 
and hydrocarbons produces a substance 
(known as a hydrocarbon free radical) 
that further reacts with O, and NO, to 
produce other undesirable pollutants, 
‘such as PAN (Peroxyacetyl nitrate), a 


pollutant extremely harmful to vegetation 
and organic compounds. Photochemical 
smog is the mixture of all of these 
products. (An index that gauges air 
quality—the Pollutant Standards 
Index—is given in Appendix G.) 


traveling in the right direction 


e atmosp 


State 


“fast” molecules that escape, the average speed of 
those left behind decreases. As a result, as water 
evaporates, it cools. | 

While some water molecules are leaving the liquid, 


others are returning. Those returning are going from 
the s lid state. i. 


alle 1d Hence, at the surface of the lig-. 
uid, we always find some molecules evaporating (es- 
caping) and others condensing (returning). 
When a coveris placed just above the exposed water 
surface, we observe that tl | number of m 


For every 
se, and no 
net loss of liquid or vapor molecules results. 

If we remove the cover and blow across the topofthe ' 
water, some of the vapor molecules already in the air 
above would be blown away, creating a difference be- 


_ tween the actual number of vapor molecules and the 


total number required for saturation. This would help 
prevent saturation from occurring and would allow 
for a greater amount of evaporation. If the wind speed 
increases, therefore, evaporation is enhanced. 

Water temperature also influences evaporation. All 
else being equal, ‘warm water will e rate 


W er WI eva I a 


Heating water increases it: 
average molecular speed. This means that a larger frac- 
tion of the molecules have high enough speeds to 
break through the surface tension of the water and zip 


off into the air above. Hence, the warmer the water, the 
greater the rate of evaporation, provided the air above 
does not become saturated. 

The air temperature above: the Mister has an addi- 
tional effect on the rate of evaporation. To compre- 
hend this effect, we need to see how condensation 
occurs in the atmosphere. 

In the atmosphere, water vapor molecules are con- 
stantly moving around, bumping into each other and 
other molecules as well. When these gas molecules 
collide, they tend to bounce off one another, con- 

-stantly changing in speed and direction. However, the 
. speed lost by one molecule is gained by another, and 
so the average speed of all the molecules does not 
change. EO TRE, the eae of the air does 


not change. Mi tk the 
-microsco r io MBE 


Pe rel called because 
water vapo ES on iher), In warm air, fast- 


e ~ J 
da ss Therefore, with thes same e number of water 
j Put Roto way: Warm air * 


lesa behets becom- 
ER ndice concept is very 


ERN We will use it throughout this book.) 

In summary, water vapor is a small, yet important 
component of air. Under certain conditions, it trans- 
forms into liquid droplets and delicate ice crystals— 
two processes that remove water vapor from the air. 
Water vapor returns to the pe ce as 


a tape 


CIRCULATION OF WATER IN THE ATMOSPHERE Wi thin / 
the atmosphere, an une nding circulation of v water be- + 
ins as energy dommerne es enormouś 
antities of water from the oc oceans: Winds transf 
moist air to other regions, where it sondenses Ri 


to occur in’ ` 


< Week 


PRESENT COMPOSITION OF THE ATMOSPHERE E 27 


clouds; some of which produce rain and snow. Ifthe” 
precipitation falls into an ocean, the water isteady to” 
begin its cycle again: If, on the other hand, the precipi- 
tation falls on a continent, a great deal of the water re- 
turns to the ocean in a complex journey, This eycle'of 
moving and transforming water molecules from liquid 

to vapor and back to liquid again is.called the hydro- > 
logic (water) cyclen the form with which we are most 
concerned, water molecules travel from ocean to at* 
mosphere to land and then back to the ocean. 

Figure 2.5 illustrates the complexities of the hydro- 
logic cycle. For example, before falling rain ever 
reaches the ground, a portion of it evaporates back into 
the air. Some.of the precipitation may be intercepted 
by vegetation, where it evaporates or drips to the . 
ground long after a storm has ended. Once on the sur- 
face, a portion of the water soaks into the ground by | 
percolating downward through small openings in the 

“soil and rock, forming groundwater that can be tapped 
by wells. What does not soak in collects in puddles of 
standing water or runs off into streams and rivers, 
which find their way back to the ocean. Even the un- ' 
derground water moves slowly and eventually sur- 
faces, only to evaporate or be carried seaward by 
rivers. 

til a copie abi amount ERRE, 
j osphere through e deinen soil, 
e up moisture bya 


blant S Lage RAS moves ct ek through the stem 
and emerges from the plant through numerous small 
openings on the underside of the leaf. In all, evapora- 
tion and transpiration from continental areas amount 
to only about 15 percent of the nearly 1.5 billion bil- 


‘lion gallons of water vapor that annually evaporate — 


into the atmosphere; the remaining 85 percent evapo- 
rates from the oceans. If all of this vapor were to sud- 
denly condense and fall as rain, it would be enough to 


- cover pac oh Biches pu 2.5 centimeters or 1 inch of 


at al i 

| pply of of ETNEA EA inc this 
amount varies only slightly from day to day, the hy- 
drologic cycle is exceedingly efficient i in circulating 
water in the atmosphere. 

We have been examining the various individual 
components of air. Now we will look at how all of 
these gases behave collectively, producing the vari- 
ables of air temperature, pressure, and density. 
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FIGURE 2.5 The hydrologic cycle. 
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We know that air is a mixture of countless billions of 
air molecules. If they could be seen, they would ap- 
pear.to be moving about in all directions, freely dart- 
ing, twisting, spinning, and colliding with one 
another like an angry swarm of bees. Close to the 
earth’s surface, each individual molecule would 
travel about a thousand times its diameter (nearly 
10,000 cm) before colliding with another molecule. 
Molecules would also collide with any object around 
them. . 

- Earlier, we learned that 


al 
| 


the temperature were raised, the average speed of the 


molecules would increase; if lowered, the average 
speed would decrease, MIMO 


“Average molecular speed also depends on the weight of the mole- 
cule. Lighter molecules move more rapidly than heavier ones at the 
same temperature. 


numbe 
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~ Condensation. 
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A oe A 
o Fj 
_ Transpiration — $ 
' Evaporation o. 
x A sa 
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DU ; (Ol 
i ed absolute z At absolute 
molecules would possess a minimum amount of 
energy and, theoretically, no thermal motion. At this 


point we can begin a temperature scale with this zero 
as its lower limit. 


TEMPERATURE SCALES Most scientists use a tempera- 
ture scale called the absolute o after the 
famous British scientist Lord Kelvin e ARE 
who first introduced it. This scalestarts at absolv te 

ince ns 1egative numbers,it is quite 
convenient for scientific calculations. Two other tem- 
perature scales commonly used today are the Fahren- 
heit and Celsius (formerly centigrade). The 
was developed in the early 1700s by the 
physicist G. Daniel Fahrenheit, who assigned the - 
to the temperature at which 
and the numbe 

The zero point was simply the lowest tempera- 


ture that he obtained with a mixture of ice, water, and 
salt. Between the freezing and boiling points are 180 


equal divisions, each of which is called a degree. A 
thermometer calibrated with this scale is referred to as 
a Fahrenheit thermometer, for it measures an object’s 
EAS in EEES Fahrenheit (°F). 

9 is scale was introduced later in the 
— The number/0\(zero) on this scale 
is assigned to the temperature at whic ar freezes,’ 
and the number 100,to the temperature at which wate 


e space between freezing and boiling i is = 
vided | into sit sai eee E i legree 


ei reriatod K). Bach de ; 


is creci the same size as a CS Celsius, 


can be Eb simply adding 273 to the Celsius 
temperature, as 
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Figure 2.6 compares the Fahrenheit, Celsius, and 
Kelvin scales. Converting a temperature from one 
scale to another can be done by simply reading the cor- 
responding temperature from the adjacent scale. 
Thus, 303 on the Kelvin scale is the siu of 30°C 
and 86°F. 

In most of Eno world, asias readings a are ae 


pateo on res maps are plotted in ° 
while, on surface weather maps, they are in °F. aie 
both scales are in use, most temperature readings in 
this book will be given i in °C followed by their equiva- 

lent in °F. 1i 


AN OVERVIEW OF PRESSURE AND DENSITY As long as 
the air temperature remains considerably above abso- 
lute zero, molecules continuously dart about and col- 
lide. On a mild spring day, an average air molecule 


en y Boiling point of water at sea level 
90 194 i 
80 176 
70 158 
60 140 136°F (58°C) Highest temperature recorded in 
50 122 world. El Azizia, Libya, peBcmner 1922. 
40 104 A hot day 
30 gg Average body temperature 98.6°F (37°C) 
20 68 Average room temperature l 
10 50 f 
0 32 Freezing (melting) point of water (ice) at sea level 
—10 14 
—20 —4 
—30 —=22 A bitter cold day 
—40 —40 | 
—50 —58 
60 —76 
—70 —94 
—80 r —112 
—90 L —130 —127°F (— 88°C) Lowest temperature recorded in 
100: L 148 world. Vostok, Antarctica, August, 1960. 


FIGURE 2.6 Comparison of Fahrenheit, Celsius, and Kelvin scales. 


30 z 


collides about 10 billion times each second with other 
air molecules. It will also bump against objects around 

it—houses, trees, Toup the so and even 
people, Each t ce 


person, it gi: sh This small oroe (push) c di- 
vided by the area on which it ‘Pushesgi a 
_ sure: / 


Billions of air oa constantly push on the 
human body. At sea level, the molecules exert an aver- 
age force of about 14.7 pounds (Ib) on each square inch 

of area. This force is exerted equally in all directions. 
For instance, air pushing in on the back of the hand 
exerts the same pressure as air pushing in on the palm. 
We are not crushed by the force because billions of 
molecules inside the body push outward just as hard. 

Even though we do not actually feel the constant 
bombardment of air, we can detect quick changes in it. 
For example, if we climb rapidly in a small airplane, 
our ears may “pop.” This experience happens because 
air collisions outside the eardrum lessen. The popping 
comes about as air collisions between the inside and 


outside of the ear equalize. The drop in the number of 
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FIGURE 2.7 Both air pressure and air density decrease with 
increasing altitude. 


pa heavy. For example, near sea level, its density 
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collisions informs us that the pressure exerted by the 
air molecules decreases with height above the earth. 
But why are there fewer molecules bouncing against 
us at higher atmospheric levels? To answer this ques- 
tion, we aa cdl to ofre: examine gts congép) of density. 

he m toms an: lecules, and the am 
f sp in ONEMI a sub- 
stance. In other words, density tells us how much mat- 
ter is in a given space (that:is, volume). There are 
aes me of expression gensity. The r 


ume PGensity i is reel to determine 
the mass se air in a given volume: 


When mass is expressed in grams (g) or kilograms (kg), 
volume is given in cubic centimeters (cm?) or cubic 
meters (m‘). 

The density of air changes £ as we climb higher bove 
the+earth’s surface. We can better understand this 
change by realizing that air molecules, like everything 
else, are held near the earth by gravity. This strong, in- 


- visible force pulling down on the air above com- 
“presses molecules, which causes their number in a 


ae volume to increase. It follows that the more air 
above a level, the greater the compression. As a conse- 
quence, we find nearly 25 billion billion molecules oc- 
cupying a cubic centimeter of air near sea level, while 
only about 10 million molecules occupy the same size 
volume at an altitude of 600 km (370-mi). Since there 


‘are appreciably more molecules within the same size 
- volume of air near the earth’s surface than at higher 


levels, air density decreases with increasing height. 
Owing fo the fact that the air near the surface is com- 
pressed, air density usually decreases rapidly at first, 
then more slowly as we move farther away from the 


- surface (Fig. 2.7). 


Air molecules have weight. In fact, air is Subs 


g/m* (nearly 1.2 ounces per atte foot). 
A the airin an average size room 6 mlong, 
6 m wide, and 2.5 m high (20 ft x 20 ft x 8 ft) weighs 
about 108 kg (237 1b). The weight of all of the air 


around the earth is a staggering 5600 trillion tons! 


Even more interesting is the fact that air does not al- 
ways weigh the same. The weight of the air on a warm, 


moist day is different than on a warm, dry day. (To see 


why, read the Focus section on p. 31.) 


In warm, humid weather, people often 
remark about how “heavy” the airis. Does 
a volume of warm, humid air really weigh 
more than a similar size volume of hot dry 
air? The answer is no! Att 


that we are efit strictly to water 
vapor—a gas—and not suspended liquid 
droplets.) To understand why, we must 
first see what determines the weight of 
atoms and molecules, 


Neutrons weigh nearly thesame.as. 
protons. To get some idea of how heavy 
an atom is, we simply add-.up.the number 
of protons-and-neutrons.in.the-nucleus. 


When we determine the weight of air, 
we are dealing with the weight of a 
mixture. As you might expect, a mixture’s 
weightis alittle more complex. We cannot `. 
just add the weights of all its atoms and ~ 
molecules because the mixture might ~- 
conan more of one kind than another. 
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Obviously, air, at nearly 29; weighs 


appreciably more than water vapor. 
Suppose we take a given volume of. 
completely dry air and weigh it, then take 
exactly the same amount of water vapor - 
at the same temperature and weigh it. We 


+. will find that the dry air weighs slightly . 


more. If we replace dry air molecules one 
for one with water vapor molecules, the 


(Electrons are so light that weignore them 
in comparing weights.) The larger this 
total, the heavier the atom. Now, we can: : 
compare one atom’s weight with 
another’s. For example, hydrogen,the-- 


allow for this by multiplying the Molecule’ s 

weight by its share in the mixture. Since 

dry-airis.essentially composed of N> and” 
*Q,5(99 percent), we ignore the other parts 


. Of air for the rough pugiage shown in 


total number of molecules remains the 
same, but the total weight of the drier air 
decreases. Earlier, we saw that density is 
mass (weight) per unit volume. Therefore, 
=moistairis less dense than dry air. 


atom; has-only-oneproton — Table 1. Think about what this fact means for 
ano neutrons). Thus, it has an The symbol = means “is approximately Our weather. The lighter the air becomes, 
“atomicweight-of aw Nitrogen; with’7 ~ equal to.” Therefore, dry air has a the more likely itis to rise. All other factors 


being equal, warm, moist (less dense) air 
will rise more readily than warm, dry (more 
pisos kal Itis the wate 


_protons.and 7 neutrons initsnucleus,has 
“an atomic weight-of 44.Oxygen, with 8 * 
-protons and 8 neutrons, weighsin'at16. 
A molecule's weight is the sum of the 
-atomic weights ofits atoms. For example, 
~ molecular oxygen, with two oxygen ; 
atoms (O3), has a molecular weight of 32. 
The most abundant atmospheric gas, 
molecular nitrogen (N), has a molecular 
weight of 28. 


molecular weight of about 29. How does 
this A wiin moist ea 


vapo SING, al 
ges into liqui d drople 


pai These, ature grow bros 
enough to fallto:the earth as precipitation 
in the form of rain or snow. 


AAsOelt is an invisible gas, just < as oxygen 
and nitrogen are invisible. It has a 
molecular weight; its. twovatoms of 
hydrogen(each with atomic weight 1) and" 
one atom of oxygen(atomic weight 16) 


The wei 


air density, air pressure decreases rapidly at first, then 
more slowly at higher levels. (See Fig. 2.7.) : 

If we weigh a column of air 1 square inch in cross 
section, extending from the average height of the 
ocean surface (sea level) to the “top” of the atmo- 
pheri it aa NEA very east! 14.7 ÍA Pa 


the srs TI 


may be measured in terms of the total weight of the air 
above any point. As we rele in elev ion, fewer air 


32 m 
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FIGURE 2.8 The mercury barometer. The height of the mercury 
column is a measure of atmospheric pressure. ' 


-packed into the column, it becomes more dense, the 
air weighs more, and the surface pressure goes up. On 


the other hand, when fewer molecules are in the col-: 


umn, the air weighs less, and the surface pressure goes 
down. 


Pounds per square inch is, of course, one way of ex- 


pressing air pressure. However, the most common `“ 


unit presentl found on surface weather maps is the 
millibar. Because many people € are not familiar with 

„the millibar, we will examine pressure units and ba- 
rometers next. ù 
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PRESSURE UNITS In meteorolog: 
AR definition, a bar 


ase the Dar isa A ativoly ua Unit; min ha 
-cause surface pressure changes are usually small, the 
unit of pressure most commonly found on surface 


er maps is, as we have mentioned, the millibar / 


e designated by th 


named in 


honor of Blaise Pascal (1632-1662), whose experi- 


ments on atmospheric pressure Beal ipereaes our 
knowledge of tha aaae ore. A a | e 


Currently, pressure readings on all surface weath T 
re expressed anaso However, Si Mine 
National Weather Service converts entirely to the met- 
ric system, the pascal will probably be the unit of pres- 
sure displayed on surface charts. 


BAROMETERS We me 
with an instrument ca 
spheric pressure i aron Cp 

vangelista Torricelli, a siden of CANES: in- 
vented the mercury barometer in 1643. His barometer, 
similar to those used today, consisted of a glass tube 
over 91 cm (36 in.) long, open at one end and closed at - 
the other. Removing air from the tube and covering the 
open end, Torricelli immersed the lower portion into a 
dish of mercury. He removed the cover, and the mer- 
cury rose up the tube to nearly 76 cm (30 in.) above the 
level in the dish. Torricelli correctly concluded that 
the column of mercury in the tube was balancing the 
weight of the air above the dish, and, hence, its height 
was a measure of atmospheric pressure (Fig. 2.8). 


*A newton is the amount of force required to move an object witha 
mass of 1 kilogram (kg) so that it increases its speed at a rate of 
1 meter per second (m/sec) each second. 


Figure 2.9 compares pressure readings in millibars 
and in inches of mercury (Hg). A few of the more use- 
ful conversions are: 


1mb = 0.02953 in. Hg | 


1in.Hg = 33.865mb 
1mmHg = 1.3332mb 
1Pa 0.01 mb 


(Appendix A presents a more complete list of con- 
versions.) 


Why is mercury rather than ae used in the ba- 


rometer? The primary reason is convenience. (Also, 
water evaporating in the. tube presents a problem.) 
Mercury seldom rises to a height above 79 cm (31 in.). 
Water, however, is 13.6 times less dense than mer- 
cury: Thus, an atmospheric pressure of 76 cm (30 in.) 
of mercury would be equivalent to 1034 cm (408 in.) of 


water. Consequently, a water barometer sitting on the 
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ground would. -have to be read from a third-story 
window. 


sure cause 5 expa i act. The: size. 
of ie ET is coer to represent different pres- 


sures, and any change in its size is amplified by levers 


and transmitted to an indicating arm, which points to 
the current atmospheric pressure (Fig. 2.10). 

Notice that the aneroid barometer often has descrip- 
tive weather-related words printed above specific 
pressure values. These adjectives indicate the most 
likely weather conditions when the needle is pointing — 
to that particular pressure reading. Generally, the : 
higher the reading, the more likely clear weather will 
occur, and the lower the reading, the better are the 


FIGURE 2.9 Atmospheric pressure in 


32.78 1110 inches of mercury and in millibars. 
32.48 1100 ‘ 
32.19 hd 1090 1084 mb (32.01 in.) Highest recorded sea level pressure: 
31:89 = 1080 Agata, Siberia (December, 1968) 
31.60 1070 “1064 mb (31.42 in.) Highest recorded sea level 
31.30 1060 ` pressure in United States: Miles City, Montana (December, 1983) 
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FIGURE 2.10 The aneroid barometer. 


chances for inclement weather. This is because sur- 
face high pressure areas are associated with sinkingair 
aloft, while surface low pressure areas are associated 
with rising air: f 2 e 


ner 


rometers./ Basically, the. arograph consists of a pen 
attached to an indicating arm that marks a continuous 


Altitude (miles) 
"Altitude (km) 


So 


O 100 300 500 700 - 900 


Pressure (mb) 


FIGURE 2.12 Atmospheric pressure decreases rapidly with height. 
Climbing to an altitude of only 5.5 km, where the pressure is 500 mb, 
would put you above one-half of the atmosphere’s molecules. 


as 


CHAPTER 2 | THE EARTH'S ATMOSPHERE: ORIGIN, COMPOSITION, AND STRUCTURE 


Protective case ETA 


Record paper on cylinder 


FIGURE 2.11 A recording barograph. 


record of pressure on chart paper. The chart paper is 
attached to a drum rotated slowly by an internal 
mechanical clock (Fig. 2.11). 


A RAPID DROP IN PRESSURE Figure 2.12 illustrates 
how rapidly air pressure decreases with height. Near 
sea level, atmospheric pressure is usually close to 
1000 millibars (mb). Normally, just above sea level, at- 
mospheric pressure decreases by about 10 mb for 
every 100 meters (m) increase in elevation (about 


1 inch of mercury for every 1000 feet of rise). At higher 


levels, air pressure decreases much more slowly with 
height. With a sea level pressure near 1000 mb, we can 
see in Fig. 2.12 that, at an altitude of only 5.5 km (3.5 


mi), the air pressure is about 500 mb, or half of the sea 


level pressure, meaning that at a mere 18,000 feet (ft) 


above the surface we are above one-half of all the mol- 


ecules in the atmosphere. 
At an elevation approaching the summit of Mount 
Everest (about 9 km or 29,000 ft—the highest moun- 
tain peak on earth), the air pressure would be about 
300 mb. The summit is above nearly 70 percent of all 
the molecules in the atmosphere. At an altitude of 
about 50 km (30 mi), the air pressure is about 1 mb, 
which means that 99.9 percent of all the molecules are 
below this level. Yet th i extend: 


a 


RISING AIR COOLS AND SINKING AIR WARMS The de- 


is. To see why, let's examine some rising ~ 


air. First, we place air in an imaginary thin, elastic 
wrap about the size of a large balloon. We will call this 
“invisible” balloonlike container a parcel. The parcel 
of air can expand and contract freely, but neither ex- 
ternal air nor heat is able to mix with the air inside. As 
the parcel moves, it does not break apart, but remains a 
single unit. The space occupied by the molecules 
within the parcel defines the air density (mass per unit 
volume). The average speed of the molecules is di- 
rectly related to the air temperature, and the mole- 


cules colliding against the sides of the parcel deter- 


mine the air pressure inside. 

At the earth’s surface, the parcel has the same tem- 
perature as the surrounding air. If it is carried up into 
the atmosphere, it enters a region where the air pres- 
sure is lower. The lower pressure outside allows the 
molecules inside to push the parcel walls outward, ex- 
panding it. Because there is no other energy source, 
the gas molecules inside must use some of their own 
energy to expand the parcel. Just as a Ping-Pong ball 
moves more slowly after rebounding from a paddle 
that is moving away from it, air molecules in an ex- 
panding parcel move more slowly after the parcel 
expands. This decrease in average molecular speed re- 
sults in a lower parcel temperature. Therefore; air that 

ises always expands and cools. 
If the parcel is lowered to the earth, it ae toa re-. 
gion where the air pressure is higher. The higher pres- 
sure squeezes the parcel back to its original (smaller) 
volume (Fig. 2.13). This squeezing increases the aver- 
age speed of the molecules inside because molecules 
have a faster rebound velocity after colliding with the 
sides of a collapsing parcel. (A Ping-Pong ball moves 
faster after striking a paddle that is moving toward it.) 
Because an increase in molecular speed results in a 
higher temperature, air that sinks (subsides) warms. 
Just as risin gair alway: 3, SUDSIO ing 


cools by expa: nding, 


air aliv ays warms by apres Sl on.” 4 

As air e subsides aad plo its capac ity | 
vapor in creases. Because more water vapor m eet 
are required to saturate a warmer parcel, sinking air in- 
hibits the formation of clouds. On the other hand, as 
rising air cools, legs ı water vapor is lg to saturate 
the air. Hence, Ti | ces cloud formati 


*When a parcel of air expands and cools, or compresses and 
warms, with no interchange of heat with its surroundings, the tem- 
perature change is said to be adiabatic. Chapter 8 examines adia- 
batic processes in relation to rising and sinking air. 
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0000 
FIGURE 2.13 Rising airexpands and cools; sinking airis compressed 
and warms. 


THE ATMOSPHERE OBEYS THE GAS LAW Air pressure, 
density, and temperature are all interrelated; thus, if 
one of these atmospheric variables changes, the other 
two usually change as well. For example, when we 
lifted the parcel of air, the air expanded and cooled. 
The number of molecules in the parcel remained the 
same, while the volume of the parcel grew larger. This 
situation indicates that, after expanding, the air den- 
sity had decreased. We know that expanding aircools, 
and that molecules within the container move at 
slower speeds and strike the sides with less force. 
Since there is more surface area for the same number 
of molecules to hit, proportionately fewer molecules 
would bump against the sides. For these reasons, ot 
REST a Ce ts air also A 


The relationship among the pressure, temperature, 


-and density of air can be expressed by 


ure X density X constant. — J 


This muvee See often referred to as the gas, 


aw (or equation of state); tells us that the pressure of a 
gas is equal to its temperature times its density times a 
constant. When we ignore the constant and look at the 
gas law in symbolic form, it becomes 


TEKER 


36 E 


Air column 2 


High 
pressure 
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FIGURE 2.14 Each barometer is balancing the weight of the air in the 
column above it. Hence, when the air temperature in both columns is 
the same, the air above the region of surface high pressure is more 
dense than the air above the region of surface low pressure, 


where, of course, p is pressure, T is temperature, andp 
(the Greek letter rho, pronounced “row”) represents. 
air density.* The line ~ is a symbol meaning “is pro- 


_ portional to.” A change in one variable causes a corre- 
‘sponding change in the other two variables. Thus, it 
will be easier to understand the behavior ofa gas if we 
keep one variable from changing and observe the be- 
havior of the other two. _ | 
Suppose, for example, we hold the temperature con- 
stant. The relationship then becomes 


p ~ p (temperature constant). 


This expression says that the pressure of the gas is 
proportional to its density, as long as its temperature 
does not change. Consequently, if the temperature of a 
gas (such as air) is held constant, as the pressure in- 
creases the density increases, and as the pressure de- 
creases the density decreases. In other words, 


urata 2] re 1S mort 


*The gas law may also be written as p X v = T X constant. Conse- 


quently, pressure and temperature changes are also related to . 


changes in volume. 
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We can apply this concept directly to the atmo- -< 
sphere. Figure 2.14 shows two columns of air extend- 
ing from the surface to the “top” of the atmosphere. 
Both columns are balanced by acolumn of mercury (a 
mercury barometer). The height, elevation, and aver- 


-age temperature of both columns are the same. How- 


ever, there are more molecules in air column 1 than in 
air column 2. Since atmospheric pressure is essen- 
tially the weight of the air in a column above an area, 
the surface air pressure in column 1 is higher than in 
column 2. In other words, With nearly the same tem- 
perature and elevation, air above a region of surface 


high pressure is more dense than air above a region of - 


surface low pressure. ) 

We can take this idea one step further. In order for 
surface high pressure areas (anticyclones) and surface 
low pressure areas (midlatitude storms) to form, the 
air density (mass of air) above these systems must 
change. The wind can induce such a change. When 
wind causes more air to move into a column of air 
above a region than is able to leave, this piling up of air 
(called net convergence) increases the air pressure at 
the surface. Conversely, when winds cause more air to: 
move out of a column of air above a region than is able 
to enter (called net divergence), the air pressure at the 
surface decreases. Therefore, when either net con- = 
vergence or net divergence occurs over a relatively 
large area (say hundreds or even thousands of square 
kilometers), large surface pressure systems may de- 
velop: Once formed, these systems glide across the 
face of the earth, being steered by the winds aloft. As 


É they approach or move away from a station, they nor- 


maliy cause the surface pressure to change. Because 
these systems—the high and low pressure areas of the 
middle latitude—are the major weather producers, we 
will examine them closely throughout this book, look- 


- ing at their winds, their vertical air motions, and the 


weather they bring. 

Earlier, we considered how pressure and density are 
related when the temperature is not changing. What 
happens to the gas law when the pressure of a gas re- 


Mains constant? In shorthand notation, the law be- ` 
comes , 


(Constant pressure) X constant = ex p. 


-This relationship tells us that when the pressure of a 


gas is held constant, the gas becomes less dense as the 


_ temperature goes up; and more dense as the tempera- 


ture goes down. Therefore, at a given atmospheric 


pressure, air that is cold is more dense than air that is 
warm. 

This concept raises a question: If the air is usually 
cold aloft, why doesn't this cold air always sink? The 
idea that cold air is more dense than warm air applies 
only when we compare volumes of air at the same 
level, where pressure changes are small in any hori- 
zontal direction. It does not apply when we compare 


air parcels that are located at different altitudes and, : 


hence, at different pressures. Because air density de- 
creases rapidly with height, an air parcel many kilo- 
meters above the earth's surface may be colder than a 
parcel near the ground. It will not, however, be more 
dense. The air parcel aloft will sink or rise depending 
on the temperature and density of the air surrounding 
it at that pressure level. (A mathematical application 
of the gas law is given in the Focus section on p. 38.) 
When we examine air pressure, temperature, and 
density collectively at the surface, from what we have 
learned so far we might expect to see the surface pres- 
sure dropping as the air temperature rises, and vice 
versa. Over large continental areas, especially the 
southwestern United States in summer, hot surface air 
is accompanied by surface low pressure. Likewise, bit- 
ter cold arctic air in winter is often accompanied by 
surface high pressure. Yet, on a daily basis, any cyclic 
change in surface pressure brought on by daily tem- 
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perature changes is concealed by the pressure changes 
created by the warming of the upper atmosphere. 

In the tropics, for example, pressure rises and falls . 
in a regular pattern twice a day. (See Fig. 2.15.) 
Maximum pressures occur around 10:00 A.M. and 
10:00 P.M., minimum near 4:00 A.M. and 4:00 P.M. The 


largest pressure difference, about 2.5 mb, occurs near 


the equator. It also shows up in higher latitudes, but — 
with a much smaller amplitude. This daily (diurnal) 
fluctuation of pressure appears to be due primarily to 
the absorption of solar energy by ozone in the upper at- 
mosphere and by water vapor in the lower atmo- 
sphere. The warming and cooling of the air creates: 


density oscillations known as thermal (or atmo- 
- spheric) tides that show up as small pressure changes. 
near the earth’s surface. 


m LAYERS OF THE ATMOSPHERE 


We have seen that both air pressure and density de- 


crease with height above the earth, rapidly at first, 


then more slowly. Air temperature, however, has a 


more complicated vertical profile. Look closely at Fig. 


2.16 and notice that air temperature normally de- 


creases from the earth's surface up to an altitude of * 
about 11 km (7 mi). This decrease in air temperature 


FIGURE 2.15 Daily sea level 

` pressure variations in middle 
and low latitudes. Middle 

latitude pressure changes are 
primarily the result of large high 
and low pressure areas that 
move toward or away from a 
region. Diumal surface pressure 

- changes in the tropics reflect 

. theinfluence of the atmospheric 


— 400 A.M. — 
Barograph Trace in Middle Latitudes _ l . tides. 
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FOCUS ON AN ADVANCED TOPIC 
EXTRA ME ED VA A =) < 


eo Do 


Earlier we saw that at an altitude of about 
5500 meters (18,000 ft) above sea level, - 
the atmospheric pressure is normally 
close to 500 millibars. If we obtain the 
average density at this level, with the aid of 
the gas law we can calculate the average 
air temperature. 
Recall that the gas law is written as 


temperature (7) in Kelvins, and the density 
(p) in kilograms per cubic meter (kg/m?), 
the numerical value of the constant (C) is 
about 2.87.* 


*The constant is usually expressed as 

2.87 x 10° erg/g K, or, in the SI system, as 
287 J/kg K. (See Appendix A for information 
regarding the units used here.) 


with increasing height is due primarily to the fact (in- 
vestigated further in Chapter 3) that sunlight warms 
the earth’s surface, and the surface, in turn, warms the 
air above it. The rate at which the air temperature de- 
creases with height is called the temperature lapse 


rate. The average (or standard) lapse rate in this re- > 


gion of the lower atmosphere is about 6.5°C for every 
1000 meters rise in elevation or about 3.6°F for every 
1000 ft. Keep in mind that these values are only aver- 
ages. On some days, the air becomes colder more 
quickly as we move upward. This would increase or 
steepen the lapse rate. On other days, the air tempera- 
ture would decrease more slowly with height, and the 


lapse rate would be less. Occasionally, there are re- 
gions where the air temperature actually increases 
with height. Such an increase in air temperature with 
- height is called an inversion. So the lapse rate fluc- 
tuates, varying from day to day and season to'season. 


i THE TROPOSPHERE This part of the atmosphere (from 


the surface up to about 11 km) contains all of the 


_. weather we are familiar with on earth. Also, this re- 
gion is kept well stirred by rising and descending air 


“+A 


A CLOSER LOOK AT THE GAS LAW 


At an altitude of 5500 m above sea 
level, where the average (or standard) air 
pressure is 500 mb and the average air 
density is 0.690 kg/m, the average air 
temperature becomes 


PR T XEO PÉTXPxXC 
500 = T x 0.690 x 2.87 


500 3 
| ET ©. 0.690 x 287 
- With the pressure (p) in millibars (mb), the ` 252.5K = T 


To convert Kelvins into degrees Celsius, 
we subtract 273 from the Kelvin 
temperature and obtain a temperature of 
~20.5°C, which is the same as 5%. 

ml Í ` If we know the numerical values of 
temperature and density, with the aid of 
the gas law we can obtain the air 
pressure. For example, in Chapter 1 we 
saw that the average global temperature 
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near sea level is 15°C. (69°F), which is the 

same as 288 K. If the average air density at 

sea level is 1.226 kg/m, what would be 

the average (standard) sea level pressure? 
Using the gas law, we obtain: 


pP = 288 x 1.226 x 2.87 
P = 1013 mb 


Since the air pressure is related to both 
temperature and density, a small change : 
ineither or both of these variables can 
bring about a change in pressure. 


currents: Here, it is common for air molecules to circu- 


| late through a depth of more than 10 km in just a few 
- days. This region of circulating air extending upward 


from the earth’s surface to where the air stops becom- 
ing colder with height is called the troposphere (from 
the Greek tropein, meaning to turn or to change). 

Notice in F ig. 2.16 that just above 11 km the air tem- 
perature normally stops decreasing with height. Here 
the lapse rate is zero. This region, where the air tem- 
perature remains constant with height, is referred to as 
an isothermal (equal temperature) zone. The bottom of 
this zone marks the top of the troposphere and the be- 
ginning of another layer, the stratosphere. The bound- 
ary separating the troposphere from the stratosphere is 
called the tropopause. The height of the tropopause 
varies. It is normally found at higher elevations over 
equatorial regions, and it decreases in elevation as we 
travel poleward. Generally, the tropopause is higher 
in summer and lower in winter in all latitudes. In 
some regions, the tropopause “breaks” and is difficult 


to locate and, here, scientists have observed tropo- 


spheric air mixing with stratospheric air and vice 
versa. These breaks also mark the position of jet 


streams—high winds that meander in a narrow chan- 
nel, like an old river, often at speeds exceeding 100 
knots. 


‘THE STRATOSPHERE From Fig. 2.16 we can see that, in 
the stratosphere at an altitude of about 20 km (12 mi), 
the air temperature begins to increase with height. 
This region represents an inversion, which, along 


with the lower isothermal layer, tends to keep the ver- . 


tical currents of the troposphere from spreading into 
the stratosphere. The inversion also tends to reduce 
the amount of vertical motion in the stratosphere it- 
self. 

Even though the air temperature is increasing with 
height, the air at an altitude of 30 kmis extremely cold, 
averaging —46°C (-51%F). At this level above polar 
latitudes, air temperatures can change dramatically 
from one week to the next as a sudden warming can 


raise the temperature in one week by more than 50"C -. 


(90°F). Such a rapid warming is probably due to sink- 
ing air associated with circulation changes that occur 
in late winter or early spring. 


‘STRATOSPHERIC OZONE The reason for the inversion 
in the stratosphere is that the gas ozone plays a major 
part in heating the air at this altitude. Recall that ozone 


is important because it absorbs energetic ultraviolet” 


(UV) solar energy. Some of this absorbed energy in! 
creases the motion (kinetic energy) of the'ozone mole- 
cules, which in turn pass a portion on to other mole- 
cules during collision. The increased motion of these 
gases represents a higher temperature, which explains 


why there is an inversion. If ozone were not present, ' 


the air probably would become colder with height, as 
it does in the troposphere. 

The level of maximum ozone concentration in the 
stratosphere is observed near 25 km, yet the strato- 
spheric air temperature reaches a maximum near 50 
_km (Fig. 2.16). The reason for this is that the air at 50 

km is less dense than at 25 km, and so the absorption of 
intense solar energy at 50.km raises the temperature of 
fewer molecules to a much greater degree. Moreover, 
much of the solar energy responsible for the heating is 
absorbed in the upper part of the stratosphere and, 
therefore, does not reach down to the level of ozone 
maximum. And, due to the low air density, the trans- 
fer of energy downward from the upper stratosphere is 
. quite slow. 
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FIGURE 2.16 Layers of the atmosphere as relate to the average 
profile of airtemperature above the earth's surface. Heavy line illustrates 
how the average temperature varies in each layer. - 


The concentration of ozone in the stratosphere is: 
small. Even near 25 km (15 mi), where ozone is most 
dense, there are only about 12 ozone molecules for - 
every million air molecules. (Here, the composition of 
air is about the same as it is near the earth’s surface: 
mainly nitrogen, 78 percent, and oxygen, 21 percent.) 
Although thin, this layer of ozone is significant for sev- 
eral reasons. First of all, by acting as a greenhouse gas, 


ozone helps the earth maintain its heat balance. In ad- 


dition, it shields earth’s inhabitants from harmful - 
amounts of ultraviolet solar radiation. This protection 
is fortunate because ultraviolet radiation has enough 
energy to cause skin cancer in humans. Also, certain 
ultraviolet radiation can destroy acids in DNA (deoxy- 
ribonucleic acid), the substance that transmits the 
hereditary blueprint from one generation to the next. 
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FOCUS ON INSTRUMENTS 


=e 1 Acc — ——— == 


THE RADIOSONDE 


The vertical distribution of temperature, j and the radiosonde returns to earth, its 


pressure, and humidity up to analtitude of descent being slowed by its parachute. 

- about 30 km can be obtained with an At mostsites, radiosondes are released 
instrument called a radiosonde. The twice a day, usually at the time that 
radiosonde is a small, lightweight box corresponds to midnight and noon in 
equipped with weather instruments and a . Greenwich, England. Releasing 
radio transmitter. It is attached to a cord radiosondes i isan expensive operation 
that has a parachute and a gas-filled “ because many of the instruments are 
balloon tied tightly at the end. As the never retrieved, and many of those that 
balloon rises, the attached radiosonde areretrieved are often in poor working 
measures air temperature with a small condition. For this reason, only the more 


located just outside the box. It measures having a dense radiosonde network. 
humidity electrically by sending an electric l 
current across a carbon-coated plate. Air 
pressure is obtained by a small aneroid 
barometer located inside the box. All of 
this information is transmitted to the 
surface by radio. Here, a computer rapidly 
reconverts the various frequencies into ' 
values of temperature, pressure, and 
- moisture. Special tracking equipment at - 
. the surface may also be used to provide a 
vertical profile of winds. When plotted ona 
E & graph, the vertical distribution of 
FIGURE 1 The radiosonde with parachute temperature, humidity, and wind is called 
and balloon. _asounding. Eventually, the balloon bursts 


‘Tf the concentration of stratospheric ozone were to forms mainly above 25 km, ozone gradually drifts 
decrease, the following might occur: y downward by mixing processes, producing a peak 
l concentration near 25 km. Ozone is is destroyed natur- 

ay by absorbing ultraviolet radiation (see Fig. 2.17): 


1. An increase in the number of cases of skin cancer. 

' Estimates are that a 1 percent reduction in the 

- ozone layer could result in a2 to 5 percent increase AA O, + UV > O, + O. 

-in the incidence of skin cancer. 

2, An adverse impact on crops and animals due to an 
increase in ultraviolet radiation. 

3. A cooling of the stratosphere that could affect 

- stratospheric wind patterns, possibly inducing s O; + O > 2 O2. 

some form of climate change at the surface. 


Ozone is also destroyed by colliding with other atoms 
and molecules. For example, ozone and atomic oxy- 
gen combine to form two oxygen molecules: 


Likewise, the combination of two ozone molecules de- 
PM | stroys ozone: — 

OZONE: PRODUCTION —DESTRUCTION ‘Ozone (Oz) is 0.+0. 230 

produced naturally in the stratosphere by the combin- E iy E 

ing of atomic oxygen (O) with molecular oxygen (O,) These equations also represent the net result of a 
-(in the presence of another molecule). Although it number of complex chemical reactions that include 


trace gases of nitrogen, hydrogen, and chlorine. For 
example, two natural destructive gases for ozone are 
nitric oxide (NO) and nitrogen dioxide (NO), which 
are collectively known as oxides of nitrogen. The ori- 
gin of these gases begins at the earth’s surface as soil 


bacteria produce N,O (nitrous oxide). This gas gradu- ` 


ally finds its way into the stratosphere where, above 


about 25 km, solar energy converts it into ozone- 


destroying oxides of nitrogen. | 

Ozone in the stratosphere between 25 and 35 km is 
maintained by a delicate natural balance between pro- 
duction and destruction. Could this balance ever be 
upset? 


UPSETTING THE OZONE BALANCE The concentration 
of ozone may be reduced by natural events: In the 


upper atmosphere, both cosmic rays* and solar par- | 


‘ticles can produce secondary electrons having suffi- 
cient energy to separate molecular nitrogen (N3) into 


two nitrogen atoms (N). The nitrogen atoms combine 


with free atomic oxygen to form nitric oxide which, in 
turn, rapidly destroys ozone. 

Scientists, too, are concerned that some human 
activities may also be altering the amount of ozone in 
the stratosphere. This possibility was first brought to 
light in the early 1970s as Congress pondered over 
whether or not the United States should build a super- 
sonic jet transport. One of the gases emitted from the 
engines of this aircraft is nitric oxide. Although the 
aircraft was designed to fly in the stratosphere below 
the level of maximum ozone, it was feared that the ni- 
tric oxide would eventually work its way upward, 
where it would have an adverse effect on the ozone. 
This factor was one of many considered when Con- 
gress decided to halt the development of the United 
States’ version of the supersonic transport. 

Other potential concerns involve emissions of 
chemicals at the earth's 
oxide emitted from nitrogen fertilizers may drift into 
the stratosphere, where it could destroy ozone. More 
serious yet is thesemission of chemicals known as 
chlorofluorocarbons (CFCs), also called fluorocar- 
bons. Until the late 1970s, when the United States 
banned all nonessential uses of these chemicals, they 
were the most widely used propellants in spray cans. 


*Cosmic rays are high-energy atomic nuclei and atomic particles 
that travel through space at extremely high speeds. Most cosmic 
rays are believed to come from supernovas, although some are pro- 
duced in solar flares. (See Chapter 3.) l i 


surface. For example, nitrous. 
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FIGURE 2.17 An ozone molecule absorbing ultraviolet radiation can 
become atomic and molecular oxygen. i 


In the troposphere, these gases are quite safe, being 
nonflammable, nontoxic, and unable to chemically 
combine with other substances.* Hence, these gases 
slowly diffuse upward without being destroyed. They 


apparently enter the stratosphere (1) near breaks in 


. 


the tropopause, especially in the vicinity of jet 
streams; and (2) in building thunderstorms that pene- 
trate the lower stratosphere. 

Once chlorofluorocarbon molecules reach an alti- 
tude near 30 km, ultraviolet energy that is normally 


absorbed by ozone breaks them up, releasing chlorine 
in the process. Note in the following sequence of reac- 
tions how chlorine destroys ozone rapidly. In step 1, 
chlorine (Cl) combines with ozone, forming chlorine 
monoxide (CIO)—a new substance—and molecular 
oxygen (O,). Almost immediately, the chlorine 
monoxide combines with free atomic oxygen (step 2) © 
to produce chlorine atoms and molecular oxygen. The 
free chlorine atoms are now ready to combine with 
and destroy more ozone molecules. Estimates are that: 
a single chlorine atom removes about 100,000 ozone: 


‘molecules before it is taken out of action: 


step 2 CIO + O > Cl +O, 


3 n 
*Recall, however, that CFCs do act as strong greenhouse gases in 
the troposphere. = 


42 a 


Fortunately, chlorine atoms do not exist in the 


stratosphere forever. They are removed as chlorine’ 


monoxide combines with nitrogen dioxide to form 
chlorine nitrate, CIONO, (step 3). In step 4, free 
chlorine atoms combine with methane to form hydro- 
gen chloride (HCl) and a new substance, cn 


Step 3 CIO + NO, > CIONO, 
Step 4 CH, + CI > HCl + CH, 


Since the average lifetime of a CFC molecule in the 
stratosphere is about 100 years, any increase in the 
concentration of CFCs is long lasting and a genuine 
threat to the concentration of ozone. Given this fact 
and the additional knowledge that CFCs contribute to 


the earth’s greenhouse effect, an international agree- 
` ment signed in 1987—the Montreal Protocol—estab=" 


lished a timetable for diminishing CFC emissions'and 
the use of bromine compounds (halons), which de- 
stroy ozone at a rate ten times greater than do chlorine 
compounds. This agreement calls for a 50 percent cut- 
back in CFC production (based on 1986 levels) by the 
¿year 1999. How successful this reduction will be de- 
pends on how well the signing nations comply and, of 
course, on the behavior of those who did not sign. The 
protocol calls for periodic science reviews for updat- 
ing its requirements. 

The question of just how much ozone is being de- 
| pleted by chlorine is now under investigation. More 


than 5 billion kg (11 billion lb) of CFCs have already | 


_been released into the troposphere and will diffuse 


upward during the next few decades. In a 1988 study, 


an international panel of over 100 scientists con- 
cluded that between 1978 and 1985 the earth lost be- 
tween about 2 and 3 percent of its ozone shield. Some 
researchers speculate that part of this loss may be due 
to changes in the sun’s energy output, ane varies 
during an eleven-year sunspot cycle. 

` To further complicate the picture, aA calcu- 
lations of ozone chemistry in the early 1980s sug- 


gested that an increase in CO, levels in the tropo- 


sphere (resulting from fossil fuel and wood combus- 
_ tion) would raise the temperature in the troposphere, 


but lower it in the stratosphere. A cooler stratosphere 


would slow the process of ozone destruction. 


It now appears, however, that ozone is being de-: 


stroyed more quickly than expected. Scientists point 
to the fact that ozone concentrations over springtime 


Antarctica have plummeted at an alarming rate. This’ 
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sharp drop in ozone is known as the ozone hole. (See 
the Focus section on p. 44.) 


THE MESOSPHERE Notice in Fig. 2.16 (p. 39) that 
above the stratosphere is the mesosphere (middle 


` sphere). The boundary near 50 km, which separates 
these layers, is called the stratopause. The air at this 


level is extremely thin and the atmospheric pressure is 
quite low. Remember that, near sea level, atmospheric 


pressure averages close to 1000 millibars. Atmo- 


spheric pressure at 50 km averages near 1 millibar, 
meaning that the air pressure is 1000 times lower than 
it normally is at the earth’s surface; that is, only one- 
thousandth of all the atmosphere’s molecules are 
above this level and 99.9 percent of the atmosphere’ s 
mass is located below it. 

The percentage of nitrogen and oxygen in the 
mesospherei is about the same as at sea level. Given the 
air’s low density in this region, however, we would 
not survive very long breathing here, as each breath 
would contain far fewer oxygen molecules than it 
would at sea level. Consequently, without proper 
breathing equipment, the brain would soon: become 


oxygen-starved—a condition known as hypoxia. 
Pilots who fly above 3 km (10,000 ft) for too long with- 


out oxygen-breathing apparatus experience this. With 
the first symptoms of hypoxia, there is usually no pain 
involved, just a feeling of exhaustion. Soon, visual im- 
pairment sets in and routine tasks become difficult to 
perform. Some people drift into an incoherent state, 
neither realizing nor caring what is happening to 
them. Of course, if this oxygen deficiency persists, a 
person will lapse into unconsciousness, and death 


may result. In fact, at this altitude in the mesosphere, 
we would suffocate in a matter of minutes. 


There are other effects besides suffocating that 
could be experienced in the mesosphere. Exposure to 
ultraviolet solar energy, for example, could cause se- 
vere burns on exposed parts of the body. Also, given 


the low air pressure, the blood in one's veins would 


begin to boil at normal body temperatures. 

The air temperature'in the mesosphere decreases 
with height, a phenomenon due, in part, to the fact 
that there is little ozone in the air to absorb solar radia- 
tion. Consequently, the moleculés (especially those 
near the top of the mesosphere) are able to lose more 
energy than they absorb, which results in an energy _ 


deficit and cooling: Heat from the warm stratopause is 


carried upward to replace this energy deficit, but ris- 
ing air cools. So we find vertical air motions in the 
mesosphere with the air becoming colder with height, 
up to an elevation near 85 km (53 mi). At this altitude, 
the temperature of the atmosphere reaches its lowest 
average value, —90°C (—130°F). (See Fig. 2.16, p. 39.) 


THE THERMOSPHERE Above about 85 km, the air tem- 
perature first becomes isothermal, then it increases 
with height. This new layer is the thermosphere. The 
boundary that separates the lower, colder mesosphere 
from the warmer thermosphere is the mesopause., __ 

The air temperature increasing with height indi- 
cates another inversion. In this layer, ultraviolet solar 
radiation is absorbed, mainly by molecular oxygen. 
This radiation supplies enough energy to break molec- 
ular oxygen into two separate oxygen atoms in a pro- 
cess that looks like this: 


O, + solar radiation > O + O. 


The energy “left over” after the molecule separate in- 
creases the motion of the atoms. Because there are rel- 
atively few atoms and molecules in the thermosphere, 
the absorption of a small amount of solar radiation can’ 
cause a large increase in temperature; consequently, 
| there is an inversion. Furthermore, because the 
“amount of solar radiation affecting this region de- 
pends strongly on solar activity, temperatures in the 
thermosphere vary from day to day. (See Fig. 2.18.) 
"The “composition; of the atmosphere begins to 
change in the lower part of the thermosphere. The air 
becomes so thin that there are few collisions between 
atoms and molecules, and atomic oxygen does not 
rapidly recombine to form molecular oxygen. Instead 
of the standard concentrations of nitrogen and oxygen 
that existed up to about 85 km, atomic oxygen begins 
to show up in fairly large concentrations. At 110 km 
(68 mi), atomic oxygen is more abundant than molecu- 


lar oxygen. At about 180 km (112 mi), atomic oxygenis . 


more abundant than molecular nitrogen (see Table 
2.2). With so much atomic oxygen in the thermo- 
sphere, why isn’t there more ozone? For ozone to form, 
there must be a collision among atomic oxygen, mo- 
lecular oxygen, and another molecule, which carries 
away the excess of energy released in the reaction. The 
- chances of this type of a collision taking place in the 
low-density region of the thermosphere is very slim 
indeed. Hence, there is little ozone up here. 
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FIGURE 2.18 Layers of the atmosphere and average temperatures in 
the thermosphere and exosphere. (The temperatures in the thermo- 
sphere are determined by measurements of the air drag on satellites.) 


A thermometer, shielded from the sun, in the mid- 
dle and upper thermosphere would indicate an ex- 
tremely low temperature. Yet we see in Fig. 2.18 that 
the air temperature at this level is supposed to be 
many hundreds of degrees Celsius. The reason n for this 
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Light gases 


Heterosphere 


Heavy gases 


Homosphere 


*Notice that the composition of the atmosphere changes in 
the heterosphere. 
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ae EOZONEHOLE | 


In 1974, two chemists fromthe University 
of California at Ivine—F. Sherwood 
Rowland and Mario J. Molina—warned . 
that increasing levels of CFCs would 


eventually deplete. stratospheric ozone on 


a global scale. Their studies suggested 

that ozone depletion would occur 

gradually and would perhaps not be 

- detectable for many years to come. lt was 
surprising, then, when British’ researchers 
identified a year-to-year decline in i 
stratospheric ozone over Antarctica. Their 
findings, corroborated later by satellites 
and balloon-borne instruments, showed 

. that since the late 1970s ozone concen- : 
trations have diminished each year during 
the months of September and October. : 
Ozone diminished by as much as 40 


percentin 1984 and shranktothe pointof . : 


almost total depletion in certain regions of 
the lower stratosphere in 1987 and again 
in 1989. This decrease in stratospheric 
ozone over Antarctica i is known as the 
ozone hole. (See Fig. 2.) 

In years of severe depletion, such as in 
1987 and 1989, the ozone hole covers 
almost twice the area of the Antarctic 
continent. However, the results of 
research done with high-altitude aircraft 
flights during 1987 showed significant 
- amounts of ozone being destroyed 
outside the main hole, suggesting that the 
area of ozone loss may be considerably 
greater than once thought. Furthermore, 
this same research revealed that ozone 


destruction begins earlier in the year than 


expected. l 

To understand the causes behind the 
ozone hole, scientists in 1986 organized 
the first National Ozone Expedition, 


NOZE-1, which set up a fully instrumented 


observing station near McMurdo Sound, | 
- Antarctica. During 1987, with the aid of 
instrumented aircraft, NOZE-2 got 
underway. The findings from these 
research programs helped scientists put 
together the pieces of the ozone puzzle. 


FIGURE 2 Ozone distribution over the 
Southem Hemisphere on October 5, 1989, 
as measured by the Total Ozone Mapping 
Spectrometer (TOMS) aboard the NIMBUS- 
7 satellite. Notice that the area of lowest 
ozone concentration (purple shades) is 
larger than Antarctica, and that the ozone 
hole is nearly centered over the South Pole. 


The stratosphere above Antarctica has 
one of the world’s highest ozone 


-- concentrations. Most of this ozone forms : 
over the tropics and is brought to the 


Antarctic by stratospheric winds. During 
September and October (spring in the 
Southern Hemisphere), belt of 
stratospheric winds called the polar 
vortex encircles the Antarctic region near 
66°S latitude, essentially isolating the cold 
Antarctic stratospheric air from the 
warmer air of the middle latitudes. During 
the long, dark Antarctic winter, tempera- 
tures inside the vortex can drop to —85°C 
(—121°F). This frigid air allows for the 
formation of polar stratospheric clouds. 
These ice clouds are critical in facilitating 
chemical interactions among nitrogen, 
hydrogen, and chlorine atoms, the end . 
product of which is the destruction of 
ozone. . l 

In 1986, the NOZE-1 study detected 
unusually high levels of chlorine com- ` 


pounds in the stratosphere, and, in 1987, 
the instrumented aircraft of NOZE-2 
measured enormous increases in chlorine 
monoxide (CIO) when it entered the polar. . 
vortex. These findings, in conjunction with 
other chemical discoveries, allowed 
scientists to pinpoint chlorine from CFCs 
as the main cause of the ozone hole. 

-Chemistry alone, however, does not 
explain the entire ozone depletion 
problem in Antarctica. It does not, for 
example, explain the early decline in 
ozone readings just as the ozone hole 
begins to form. Perhaps dynamic events 
play a role in this phenomenon, such as 
the mixing of stratospheric ozone-rich air 
with tropospheric ozone-poor air from 
below. 

Inthe Polar Arctic, airborne instruments 

during 1989 measured high levels of 
ozone-destroying chlorine monoxide in 


- —thestratosphere—levels 100 times higher 


than those over the United States. At the 
same time, balloon observations 
detected what appeared to be the birth of 
a small ozone hole there. Moreover, 
careful analysis of the 1989 airborne data 


‘revealed stratospheric ozone depletion of 


between 15 and 17 percent over a 35-day 
period. However, satellites monitoring 
ozone could detect no real hole. l 
Apparently, several factors inhibit massive 


* ozone loss in the Arctic. For one thing, in 


the stratosphere the circulation of air over 
the Arctic differs from that over the 


‘Antarctic. Then, too, the Arctic strato- 


sphere is too warm for the widespread 
development of clouds that help activate 
chlorine molecules. 

We still have much to learn about 
stratospheric ozone and the processes 


that both form and destroy it. Presently, 


atmospheric studies are providing more 
information so that a more complete 
assessment of the ozone problem will 
become available in the future. 


apparent discrepancy lies in the meaning of air tem- 
perature and how we measure it. Remember that the 
temperature of a gas is directly related to the average 
speed at which the molecules are moving—faster 
speeds correspond to higher temperatures. In this re- 


gion, air molecules are zipping about at speeds corre- . 


sponding to extremely high temperatures. However, 
in order to transfer enough energy to heat something 
up, an extremely large number of molecules must col- 
lide with the object. So, even though the air particles 
up here are moving extraordinarily fast, there are not 
enough of them bouncing against the thermometer 
bulb to transfer sufficient energy for it to register a high 
temperature. In fact, when properly shielded from the 
sun, the thermometer loses far more energy than it re- 
ceives and indicates a temperature near absolute zero. 
This explains how an astronaut when space walking 
will not only. survive temperatures near 1000°C 


(1800°F), but will also feel a profound coldness when... 
shielded from the sun’s radiant energy. At these high’ . 


altitudes, the traditional meaning of air temperature 
regarding how “hot” or “cold” something feels is no 
longer applicable. i 

Although air temperatures are not measured di- 
rectly in the upper thermosphere, they can, however, 
` be determined by observing the orbital change of satel- 
lites caused by the drag of the atmosphere“ Even 
though the air is extremely tenuous, enough airmole- 


- cules strike a satellite to slow it down, making it drop ~ 


into a slightly lower orbit. (For this reason, Sky Lab fell 
to earth in July, 1979, and the spacecraft Solar Max fell 
in December, 1989.) The amount of drag is related to 
the density of the air and the density is related to the 
temperature. Therefore, by determining air density, 
‘scientists are able to construct a vertical profile of air 
temperature. i 

At very high altitudes, the atmosphere becomes ex- 
tremely thin. Atoms and molecules move quite a dis- 
tance before they collide with one another. In Table 


2.3, observe that at 250 km above the earth’s surface,- 
an atom can move an average distance, called mean `- 


free path, of 1000 m (3300 ft) before colliding with 
another atom; at 500 km, the mean free path is 
10,000 m (33,000 ft). Since the chance of molecular 
collisions is reduced, many of the lighter, faster- 
moving molecules actually escape the earth’s gravita- 
tional pull. The region where atoms and molecules 
“shoot off into space is sometimes referred to as the 
exosphere, which represents the upper limit of our at- 


THE IONOSPHERE a 45 


mosphere. The imaginary surface of the exosphere is 
at the top of the thermosphere and begins some 500 km 
above the surface of the earth. 


HOMOSPHERE AND HETEROSPHERE The atmospheric 
layers described so far have been based on the vertical 
profile of temperature. We can also divide the atmo- 
sphere into layers based on its gaseous composition. 
Below about 85 km the composition of air remains 
fairly uniform; it is kept homogenous by turbulent 
mixing. This well-mixed region is referred to as the 


` homosphere. Above 85 km, the atmospheric composi- 


tion varies with height. (See Table 2.2.) In this region, 
collisions between atoms and molecules are so in- 
frequent that the air is unable to keep itself mixed. Asa 
result, diffusion takes over as heavier atoms and mole-. 
cules tend to settle to the bottom of the layer, while 
lighter ones float to the top. The region extending from 
about 85 km: to the top of the atmosphere is often 


‘called the heterosphere. 


= THE IONOSPHERE 


The ionosphere is not really a layer, but rather an elec- | 
trified region within the upper atmosphere—primar- 
ily the thermosphere—where fairly large concentra-, 
tions of ions and free electrons exist. Ions are atoms ; 
and molecules that have lost (or gained) one or more’ 
electrons. Atoms lose electrons and become positively * 
charged when they cannot absorb all of the energy 


TABLE 2.3 W Mean Free Path* 


ALTITUDE 
(km) (mi) REGION 


310 Exosphere 
155 Thermosphere 


111 Thermosphere 
93 Thermosphere 


MEAN FREE PATH 


62 Thermosphere 
31 Stratopause 
O Surface 


*The mean free path is the average distance traveled by air 
molecules before they collide with other molecules. Notice 
that the mean free paths of atoms in the exosphere are ex- 
tremely long. 
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FOCUS ON AN APPLIC 


The electrical regions of the ionosphere 
play a major role in radio communications. 
The lower parts (D and E regions) reflect 
standard AM radio waves back to earth. 
Radio waves with shorter lengths are 
reflected by the higher F region. In fact, 
the shorter the wavelength, the higher the 
wave can penetrate into the ionosphere 
before being reflected (Fig. 3). Visible light, 
radar, television, and FM wavelengths are 
‘all too short to be reflected by the 
` ionosphere at all. (Global communication 
via television is only made possible by 
retransmission from satellites.) 

Radio waves travel in a straight-line 
+. path. The earth, however, is a sphere. Due 
"to the earth’s curvature, standard AM . 
radio waves traveling outward from a 
transmitter will usually miss your radio _ 
receiver, if you are more than 160 km (100 
mi) away from the station. If you are 
presently listening to an AM radio station 


whose transmitter is more than 160km .. 


from your home, it is a good bet that the © 
waves reaching your radio have bounced 
off the ionosphere. Here is something else 
to think about: Why can radio stations 
‘many hundreds of kilometers away be 
picked up clearly at night but not at all 
during the day? See 
The lower ionosphere (D region) is 
_ unique. It not only reflects AM radio 
waves, it also seriously weakens them as 
they are reflected. Electrons absorb 
energy from the wave as it penetrates into 
this zone. In the higher regions (E and P, 
- absorption of radio waves does not take 


place as readily. The D regionis strongest _ 


during the day because energy from the 
sun is the primary cause of ionization. At 
night, as electrons rapidly combine with 
positive ions, the D region gradually 


disappears and we are left with the E and - 


F regions, where the recombination is 
- much slower. Radio waves are now able 


to penetrate into the F region before being : 


reflected back to earth. Because little 


| absorbing of radio waves occurs in the F _ 
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FIGURE3 Longer wavelength radio waves are reflected back to earth by the ionosphere 


while shorter TV waves are not. 


region, radio waves at night repeatedly 


- bounce from the ionosphere to the earth's 


surface and back to the ionosphere again 
without a significant loss of energy. In this 


- way, Standard AM radio waves are able to 


travel for hundreds of kilometers. 
During the daylight hours thie D region 


_ Intensifies and begins to strongly absorb 


radio waves. As a radio wave penetrates 
the D region, part of the wave is absorbed 


on its way up and part on its way down. It ' 


does not take long for the radio wave to be 


. weakened to the point where it can no 


longer be picked up by distant receivers, 
Around sunrise and sunset, radio 


stations usually make “necessary 


technical adjustments” to compensate for 


- the changing electrical characteristics of 
the D region. Because they can broadcast. 


over a greater distance at night, most . 
stations reduce their power output near 
sunset. This prevents two stations, both 
transmitting at the same frequency but 
hundreds of kilometers apart, from 


interfering with each other's radio 


programs. Imagine listening to your 
favorite station with someone periodically 
butting in from 500 km away. At sunrise, 
the power supplied to radio transmitters is 
increased. 

Ham operators—people who use 
shortwave radio transmitters and 
receivers—are able to communicate over 
thousands of kilometers during both day 
and night. This is made possible because _ 
these shortwaves are just that—shorter 
radio waves. Their wavelengths are short 
enough to penetrate the D region, but still 


_ long enough to be reflected by the higher 


F region. Occasionally, even these waves 
are absorbed, so that any type of radio 
communication is made difficult. These 
so-called radio blackouts occur when an 
active sun emits large bursts of energy 
that intensifies the ionosphere, often 
causing fade-outs and interruptions in 
communications. 
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transferred to them by solar radiation or a colliding 
particle. Therefore, the primary causes ofionizationin ~ 
the upper atmosphere are: 


«1. ultraviolet solar radiation 


2. high-energy cosmic rays from the sun and from 
supernova explosions 

3. collisions between air molecules and energetic 
particles - 


The rate at which atmospheric gases are ionized de- — 


pends mainly on the density of the air and the energy 
of the solar radiation. Ions are produced most rapidly 
near 180 km, but at this altitude the air is dense 
enough to enable positive ions and free electrons to 
‘reunite, forming neutral atoms and molecules. At 
higher altitudes, the air density is so low that the rapid 
rejoining of ions with electrons becomes nearly im- 
possible. Consequently, the greatest number of ions 
and electrons occurs near 300 km, even though ion 
‘production is taking place more rapidly at lower 
levels. 


- 


“Below an elevation of roughly 60 km (37 mi), there ~ 


is insufficient ultraviolet radiation to ionize atmo-- 
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FIGURE 2.19 Regions of the ionosphere along with total number of 
electrons and total number of air particles in a volume of 1 cubic meter 
at various altitudes. 


spheric gases to any great extent: This elevation usu- 
ally represents the lower limit, or base, of the iono- 


sphere! From here (60 km), the ionosphere ES, 
“upward to the top of the atmosphere. The different 


layers of the ionosphere are shown in Fig. 2.19. 


The earth’s atmosphere has evolved over hundreds of — 


millions of years from one composed mostly of hydro- 


gen and helium into one rich in nitrogen and oxygen. 

Today's air also consists of many other gases and par- 

ticles, some of which are extremely important. Even : 
though the concentration of water vapor is normally 

less than 4 percent by volume, under certain condi- 

tions it transforms into liquid water droplets and deli- 

cate ice crystals that can grow in size and fall to earth 

as precipitation. Increasing levels of carbori dioxide 

and other greenhouse gases may result in raising aver- 

age surface air temperatures. 

In this chapter we studied the behavior of air, and 
investigated how barometers work, why air pressure 
decreases with height, and why rising air cools and 
sinking air warms. We also saw that air temperature, 
pressure, and density are all interrelated and that a 
change in air density (mass) above a region can bring 
about a change in surface air pressure. The relation- 
ship among these variables is expressed by the gas 
law. We define air temperature in terms of the average 
kinetic energy (average speed) of its molecules. Air 
pressure is defined in terms of the total weight of air 


above any point. Air density 1 is the mass of air ina 
given volume. 
We then looked at the various layers of the atmo- 


sphere: the troposphere, where almost all weather 


events occur, and the stratosphere, where ozone pro- 
tects us from a portion of the sun’s harmful rays. Here 
we observed that ozone is being depleted by a number 
of complex chemical reactions involving ass such as 
chlorofluorocarbons (CFCs). 

Above the stratosphere we encountered fhe meso- 
sphere, where the air temperature drops dramatically 
with height. Above the mesosphere lies the warmest 
part of the atmosphere: the thermosphere. Here, the 
actual composition of the air begins to change as 
energetic solar radiation splits molecular oxygen into 
atomic oxygen. At the top of the thermosphere is the 
exosphere, where collisions between gas molecules 
and atoms are so infrequent that fast-moving lighter 
molecules can actually escape the earth’s gravitational 
pull and shoot off into space. Finally, we examined 
the ionosphere, that portion of the upper atmosphere 


above 60 km that contains large numbers of ions and 


free electrons. 
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A o 


E KEY TERMS 


The following terms are listed in the order they appear 


in the text. Define each. Doing so will aid you in re- - 


Viewing the material covered: in this chapter. 


E QUESTIONS FOR REVIEW 


outgassing  millibars | 
_ pollutants — standard atmospheric pressure 
water vapor barometer 
sublimation parcel (of air) 
deposition _ gas law 
kinetic energy. thermal tides 
temperature lapse rate 
evaporation inversion 
condensation troposphere 
saturation | stratosphere 
hydrologic cycle. tropopause 
absolute zero radiosonde 
Kelvin scale. ozonehole 
Fahrenheit scale -mesosphere __ 
` Celsius scale thermosphere 
Kelvins | exosphere | 
pressure | homosphere 
density heterosphere 
air pressure ionosphere . 


| 


1. 
_ parently changed since the formation ofthe earth? 

. What are the four most abundant gases in today’s 
` atmosphere? ie 
. Briefly explain the production and natural de- 


How has the composition of the atmosphere ap- 


struction of carbon dioxide near the earth’s sur- 


face. Give a reason for its increase over the past 


hundred years. 


. Why are gases such as carbon dioxide, nitrous 


oxide, methane, and chlorofluorocarbons called 
greenhouse gases? | 


. List some of the pollutants found in the atmo- 


sphere, and briefly describe their effect on the en- 
vironment. LS s 


. Basically, how do the three states of water differ? 
. What are the primary factors that influence evap- 


oration? 


8. 


17. 


18, 


19. 


20. 


21. 


23. 


. 24. 


25. 


When the air temperature increases, what hap- 
pens to its capacity to hold water vapor? 


. Define: (a) evaporation: (b) condensation; (c) sub- 


limation; (d) deposition; (e) saturation. 


- Describe how the average speed of air molecules 


relates to the temperature of air. 


. Explain the concept of air pressure in terms of: 


(a) molecular bombardment: (b) weight of air. 


. Why does air pressure always decrease with 


height? 


. With the aid of a diagram, describe how a mercury 


barometer works. 


- At the same temperature and level in the atmo- 


sphere, why is moist air lighter than dry air? 


. What is meant by the statement, “At the same pres- 


sure, cold airis more dense than warm air”? 


. What's the average or standard lapse rate in the 


troposphere? © 
If you were given today’s vertical temperature 


Z 


profile of the atmosphere up to an elevation near ' 


20 km (12 mi), how would you be able to locate the 
tropopause? j a 
What atmospheric layer contains all of our 
weather? i 

What natural and human-produced substances 
could alter the concentration of ozone in the 
stratosphere? - 

If all of the ozone in the stratosphere were de- 
stroyed, what possible effects might this have on 
the earth’s atmosphere and its inhabitants? 
Explain how scientists believe that the Antarctic 
“ozone hole” forms. $ 
Even though the actual concentration of oxygen is 
close to 21 percent (by volume) in the upper strato- 
sphere, explain why you would not be able to sur- 
vive there. - 

Briefly describe how the air temperature changes 
from the earth’s surface to the lower thermo- 
sphere. l 

Explain how an astronaut can survive the ex- 
tremely high temperatures of the upper thermo- 
sphere. | 

What is the ionosphere? How does it influence AM 
radio transmission during the day? At night? 


, 


J 


Gal 


© QUESTIONS FOR THOUGHT  - 


. List several ways the composition of today’s atmo- 


sphere may be changing. 


. Would you expect water in a glass to evaporate 


more quickly on a windy, warm, dry summer day or 
on a calm, cold, dry winter day? Explain. 


. Explain how frozen clothes can “dry” outside in 


subfreezing weather. 


. Why does the air pressure decrease with height 


more rapidly in cold air than in warm air? 


. Use the gas law to explain why a car with tightly 


closed windows will occasionally have a window 
“blow out” or crack when exposed to the sun on a 
hot day. 


. Explain why, on a sunny day, an aneroid barometer 


would indicate “stormy” weather when carried to 
the top of a hill or mountain. 


Air 
saturated 


. Suppose the air column above city Q is completely 


. saturated with water vapor, and the air column 


above city T is completely dry. If the temperature of 
the air in both columns is the same, which column 
will have the highest atmospheric pressure at the 
surface? Explain. 


. The total pressure of a mixture of gases is equal to 


the sum of the pressures of the individual gases. 
This is known as Dalton's law of partial pressure. 
Suppose, then, that water vapor occupies 4 percent 
of the air above city Q. If the total surface pressure is 
1000 mb, what would be the pressure exerted only 
by the water vapor molecules? 


. Could a liquid thermometer register a temperature 


of —273°C when the air temperature is actually 
500°C? Where would this happen in the atmo- 
sphere, and why? 
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E PROBLEMS AND EXERCISES 


1. A standard pressure of 1013.25 mb is also known as 


one atmosphere (1 ATM). (a) Look at Fig. 2.12 and 
determine at approximately what elevation you 
would record a pressure of 0.5 ATM, 0.1 ATM. 
(b) The surface air pressure on the planet Mars is al- 
most 0.005 ATM. If you were standing on Mars, the 
surface air pressure would be equivalent to a pres- : 
sure observed at approximately what elevation in 
the earth's atmosphere? 


. The surface atmospheric pressure on the il 
Venus is 90 times greater than that on Earth. 


(a) What would be the average surface pressure of 
Venus in millibars? (b) Because water is nearly in- 
compressible, the pressure of sea water increases by 
about 1000 mb (1 ATM) for every 10 m (33 ft) of . 
depth. About how deep in the ocean would one 
have to dive to experience the same pressure as that 
on the surface of Venus? 


. Use the gas law in the Focus section on p. 38 to cal- 


culate the air pressure in millibars when the air 
temperature is —23°C and the air density is 0.700 
kg/m. (Hint: be sure to use the Kelvin temperature.) 
At approximately what elevation would you expect 
to observe this pressure? 


. Suppose air in a closed container has a pressure of 


1000 mb and a temperature of 20°C. (a) Use the gas 
law to determine the air density in.the container. 
(b) If the density in the container remains constant, 


_ but the pressure doubles, what would be the new 
_ temperature? 
. A large balloon is filled with air so that the air pres- 


sure inside just equals the air pressure outside. The 
volume of the filled balloon is 3 cubic meters; the 
mass of air inside is 3.6 kg, and the temperature in- 
side is 20°C. What is the air pressure? (Hint: density 
= mass/volume.) 


. Draw a vertical view of air temperature beginning at 


the earth’s surface and ending in the upper thermo- 
sphere. Include in the diagram the upper and lower 
boundary of each atmospheric layer. Be sure to in- 
clude the heterosphere and homosphere. Give one 
important characteristic of each of the layers. 


The aurora borealis. It forms as energetic particles from the sun interact with the earth's 
atmosphere. (© Johnny Johnson, Allstock) 
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ENERGY: WARMING THE 


EARTH AND THE ATMOSPHERE 


At high latitudes after darkness has fallen, a faint, white glow 
may appear in the sky. Lasting from a few minutes to a few 
hours, the light may move across the sky as a yellow green arc 
much wider than a rainbow; or, it may faintly decorate the sky 
with flickering draperies of blue, green, and purple light that 
constantly change in form and location, as if blown by a gentle .. 
breeze. 

For centuries curiosity and superstition have surrounded 
these eerie lights. Eskimo legend says they are the lights from 
demons’ lanterns as they search the heavens for lost souls. 
Nordic sagas called them a reflection of fire that surrounds the | 
seas of the north. Even today there are those who proclaim that. 
the lights are reflected sunlight from polar ice fields. Actually, _ 
this light show in the Northern Hemisphere is the aurora _ 
borealis—the northem lights—which is caused by invisible 


-energetic particles bombarding our upper atmosphere. Anyone. 


who witnesses this, one of nature’ S spoctacuij color displays, 
will never forget it. 


Energy is everywhere. It is the basis for life. It comes in 
various forms: it can warm a house, melt ice, and drive 
the atmosphere, producing our everyday weather 
events. When the sun’s energy interacts with our 
upper atmosphere we see energy at work in yet 


“another form, a shimmering display of light from the 
- sky—the aurora. What, precisely, is this common, yet 


mysterious, quantity we call “energy”? What is its pri- 
mary source? How does it warm our earth and provide 
the driving force for our atmosphere? And in what 
form does it reach our atmosphere to produce a daz- 


ailing display like the aurora? 


To answer these questions, we must first begin with 
the concept of energy itself. Then we will examine — 
energy in its various forms and how energy is trans- 
ferred from one form to another in our atmosphere. Fi- 
nally, we will look more closely at the sun’s energy 
and its influence on our atmosphere. 
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W ENERGY 


By definition, energy is the ability or capacity to do 
work on some form of matter. (Matter is anything that 
has mass and occupies space.) Work is done on matter 
when matter is either pushed, pulled, or lifted over 
some distance. When we lift a brick, for example, we 
exert a force against the pull of gravity —we “do work” 
_on the brick. The higher we lift the brick, the more 
work we do. So, by doing work on something, we give 
it “energy,” which it can, in turn, use to do work on 
other things. The brick that we lifted, for instance, can 
_now do work on your toe—by falling on it. 
The total amount of energy stored in any object (in- 
ternal energy) determines how much work that object 
is capable of doing. A lake behind a dam contains 
energy by virtue of its position. This is called gravita- 
tional potential energy or simply potential energy be- 
cause it represents the potential to do work—a great 
deal of destructive work if the dam were to break. A 
volume of air aloft has more potential energy than the 
same size volume of air just above the surface. This is 
so because the air aloft has the potential to sink and 
warm through a greater depth of atmosphere. A sub- 


stance also possesses potential energy if it can do work - 


when a chemical change takes place. Thus, coal, natu- 
ral gas, and food all contain chemical potential energy. 


Any moving substance possesses energy of motion, * 


or.kinetic energy. The faster something moves, the 
greater its kinetic energy; hence, a strong wind pos- 
sesses more kinetic energy than a light breeze. Kinetic 
energy also depends on the object's mass. A volume of 
water and an equal volume of air may be moving at the 
- same speed, but, because the water has greater mass, it 
has more kinetic energy: The atoms and molecules 


FIGURE 3.1 Even though the temperature of the beverage in both. | 
_ mugs is the same, the mug on the left contains more intemal energy ` 


because it contains more molecules.. + 
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that comprise all matter have kinetic energy due to 
their motion. This form of kinetic energy is often re- 


. ferred to as heat energy: Probably the most important 


form of energy in terms of weather and Climate is the. 
energy we receive from the sun—radiant energy. 

. Energy, therefore, takes on many forms, and it can 
change from one form into another. But the total 
amount of energy in the universe remains constant. . 
Energy cannot be created nor can'it be destroyed. It 
merely changes from one form to another in any ordi- 
nary physical or chemical process. In other words, the 
energy lost during one process must equal the energy 
gained during another. This is what we mean when we 
say that energy is conserved. This statement is known 
as the law of conservation of energy, and is also called 
the first law of thermodynamics. 

Up to now, we have examined the idea of energy 
without giving much attention to other important fac- 
tors, such as temperature and heat. Since the concepts 
of energy, temperature, and heat are often incorrectly 
used interchangeably, let's see how they differ. 


m ENERGY, TEMPERATURE, AND HEAT 


The atmosphere and oceans contain internal energy, 
which is the total energy (potential and kinetic) stored 
in their molecules: The temperature of air and water is 
determined only by the average kinetic energy (aver- 
age speed) of all their molecules. For a particular mol- 


-. ecule, greater speeds represent higher temperatures. 
“Since temperature only indicates how “hot” or “cold” 
` something is relative to some set standard value, it 


does not always tell us how much internal energy that 
something possesses. For example, two identical 
mugs, each half-filled with water and each with the 
same temperature, contain the same internal energy. If 
the water from one mug is poured into the other, the 
total internal energy of the filled mug has doubled be- 
cause its mass has doubled. Its temperature, however, 
has not changed, since the average speed of all of the 
molecules is still the same. (See F ig. 3.1.) 

Now, imagine that you are sipping a hot cup of tea 


- on a'small raft in the middle of a lake. The tea has a 


much higher temperature than the lake, yet the lake 
contains more internal energy because itis composed 
of many more molecules. If the cup of tea is allowed to 
float on top of the water, the tea would cool rapidly. 
The energy that would be transferred from the hot tea 


to the cool water (because of their temperature differ- 
ence) is called heat. 
In essence, heat is energy in vith process of being 


transferred from one object to another because of the - 


temperature difference between them. After heat is 
transferred, it is stored as internal energy. How is this 
energy transfer process accomplished? In the atmo- 
sphere, heat is transferred by conduction, convection, 
and radiation. We will examine these mechanisms of 
energy transfer after we look at the important concepts 
of specific heat and latent heat. 


SPECIFIC HEAT A watched pot never boils, or so it 
seems. The reason for this is that water requires a rela- 
tively large amount of heat energy to bring about a 


small temperature change. The heat capacity of a sub- 


stance is the ratio of the amount of heat energy ab- 
sorbed by that substance to its corresponding tem- 


perature rise. The heat capacity of a unit mass of a: 


substance is called specific heat. In other words, 
specific heat is the amount of heat needed to raise the 
temperature of one gram (g) of a substance one degree 
Celsius. 

If we heat 1 g of liquid water on a stove, it would 
take about 1 calorie* (cal) to raise its temperature by 
1°C. So water has a specific heat of 1. If, however, we 
put the same amount (i.e., same mass) of compact dry 
soil on the flame, we would see that it would take 
about one-fifth the heat (about 0.2 cal) to raise its tem- 
perature by 1°C. The specific heat of water is therefore 
5 times greater than that of soil. In other words, water 
must absorb 5 times as much heat as the same quantity 
of soil in order to raise its temperature by the same 
amount. The specific heat of various substances is 
given in Table 3.1. 

Not only does water heat slowly, it cools slowly as 
well. It has a much higher capacity for storing energy 
than other common substances, such as soil and air. A 
given volume of water can store a large amount of 
energy while undergoing only a small temperature 
change. Because of this attribute, water has a strong 
modifying effect on weather and climate. Near large 
bodies of water, for example, winters usually remain 
warmer and summers cooler than nearby inland re- 
gions—a fact well known to people who live adjacent 
to oceans or large lakes. 


*By definition, a calorie is the amount of heat required to raise the 
temperature of 1 g of water from 14.5°C to 15.5°C. 
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TABLE 3.1 MW Specific Heat of Various Substances 


T SPECIFICHEAT — 


SUBSTANCE 


Water 

Wet mud 

Ice (0°C) 

Sandy clay 

Dry air (sea level) 
Quartz sand 
Granite 


LATENT HEAT—THE HIDDEN WARMTH The heat energy 
required to change a substance from one state to 
another is called latent heat. But why is this heat re-. 
ferred to as “latent”? To answer this question, we will 
begin with something familiar to most of us—the cool-: — 
ing produced by evaporating water. 

Suppose we microscopically examine a small drop 
of pure water. We learned in Chapter 2 that molecules 
are constantly escaping (evaporating) at the drop’s 
surface. Because the more energetic, faster-moving 
molecules escape most easily, the average motion of 
all the molecules left behind decreases as each addi- 


tional molecule evaporates. Since temperature is a. - 


measure of average molecular motion, the slower mo- 
tion suggests a lower water temperature. Evaporation 
is, therefore, a cooling process. Stated another way, 
evaporation is a cooling process because the energy 
needed to evaporate the water—that is, to change its 
phase from a liquid to a gas—may come from the water 
or any number of sources, including the air. 

In the everyday world, we experience evaporational 
cooling as we step out of a shower or swimming pool 
into a dry area. Because some of the energy used to 
evaporate the water comes from our skin, we may ex- 
perience a rapid drop in skin temperature, even to the 
point where goose bumps form. In fact, on a hot, dry, 
windy day in Tucson, Arizona, cooling may be so 
rapid that we begin to shiver even though the air tem- 
perature is hovering around 38°C (100°F). 

The energy lost by liquid water during evaporation 
can be thought of as carried away by, and “locked up” 
within, the water vapor molecule. The energy is thus 
in a “stored” or “hidden” condition and is, therefore, 
called latent heat. It is latent (hidden) in that the tem- 
perature of the substance changing from liquid to 
vapor is still the same. However, the heat energy will 
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Evaporation 
(heat energy removed) 


Condensation (heat energy added) 
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- FIGURE 3.2 The heat energy removed from all evaporating surfaces—water, trees, and even 
humans—can be released to the atmosphere when water vapor condenses into cloud droplets. 


Teappear as sensible heat (the heat we can feel and 
measure with a thermometer) when the vapor con- 
denses back into liquid water. ‘Therefore, condensa- 
tion (the opposite of evaporation) is a warming 
process. 


The heat energy released EN water vapor con- 


denses to form liquid droplets is called latent heat of 
condensation. Conversely, the heat energy used to 
Change liquid into vapor at the same temperature is 
called latent heat of evaporation (vaporization). 
Nearly 600 calories are required to evaporate a single 
gram of water at room temperature. With many hun- 
dreds of grams of water evaporating from the body, it is 
no wonder that after a shower we feel cold before dry- 
ing off. 

“In a way, latent heat is sortable for Keeping a cold 
drink with | ice ow iban one ba ice. As ice 


Consequently, heat added to aco id drink with 
-ice primarily melts the ice, while heat added to a cold 
` drink without ice warms the beverage. If a gram of 


water at 0°C changes: back into ice at 0°C, this same : | 
amount of qa (80 cal) would be released as sensible 


3 c ce into vaporis — 

called a ublimation. For a single gram of 
ice m ADE os into vapor at 0°C requires 
nearly 680 cal—80 cal for the latent heat of fusion plus 
600 cal for the latent heat of evaporation. If this same 
vapor transformed back into ice, approximately 680 


~ cal would be released. 


Figure 3.3 summarizes the concepts examined so 
far. When the change of state is from left to right, heat 
is absorbed by the bi and taken EEVA, from the 
environment. Ol : 1Dli1 


oT gy. GTE vapor molecules become separated om 
the earth’s surface, they are swept away by the wind, 
like dust before a broom. Rising to high altitudes 
where the air is cold, the vapor changes into liquid and 


ice cloud particles. During these processes, a tremen- ` 
“dous amount El i energy is sen into ss envi- 


ronment. 


Heat Energy Absorbed 


e 
eae Melting Evaporation 
Sm: my | 
Condensation 


Ice 


Deposition 


Heat Energy Released 


| l 


FIGURE 3.3 Heat energy absorbed and released. 


provides energy for storms, SEET as hurricanes, mid- 
dle latitude cyclones, and thunderstorms (Fig. 3.4). 
Water vapor evaporated from warm, tropical water 
can be carried into polar regions, where it condenses 
and gives up its heat energy. Thus, as we will see, 


FIGURE 3.4 Inside this developing 
thunderstorm a vast amount of stored 
heat energy (latent heat) is given up to 
the air, as invisible water vapor 
becomes countless billions of water“ 
droplets and ice crystals. In fact, for the 
duration of this storm alone, more heat 
energy is released inside this cloud 
than is unleashed by a small nuclear 
bomb. 
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Sublimation 


fore going on to the next section, you may Eb e read 
the Focus section on p. 57, which summarizes some of 
the concepts considered thus far.) 


e 
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FIGURE 3.5 The transfer of heat from the hot end of the metal pin to 
the cool end by molecular contact is called conduction. . i 


m HEAT TRANSFER IN THE ATMOSPHERE 


CONDUCTION The transfer of heat from molecule to 
molecule within a substance is called conduction. 
Hold one end of a metal straight pin between your 
fingers and place a flaming candle under the other end. 
(See Fig. 3.5.) Because of the energy they absorb from 
the flame, the molecules in the pin vibrate faster. 
These molecules collide with neighboring molecules, 
causing them to move faster. These, in turn, collide 
with their neighbors, and so on until the molecules at 
the finger-held end of the pin begin to vibrate rapidly. 
These fast-moving molecules eventually cause the 
molecules of your finger to vibrate more quickly. Heat 


` is now being transferred from the pin to your finger, 


and both the pin and your finger feel hot. If enough 
‘heat is transferred, you will drop the pin. The trans- 
mission of heat from one end of the pin to the other, 
and from the pin to your finger, occurs by conduction: 
Heat transferred in this fashion always flows from 
warmer to colder regions: Generally, the greater the 
temperature difference, the more rapid the heat 
transfer. - l PS E 
When materials can easily pass energy from one 
molecule to another, they are considered to be good 


conductors of heat. How well they conduct heat de- 


pends upon-how their molecules are structurally 
bonded together. Table 3.2 shows that solids, such as 
metals, are good heat conductors. It is often difficult, 
therefore, to judge the temperature of metal objects. 
For example, if you grab a metal pipe at room temper- 
ature, it will seem to be much colder than it actually is 
because the metal conducts heat away from the hand 
quite rapidly. Conversely, air is an extremely poor 
conductor of heat, which is why most insulating mate- 
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rials have a large number of air spaces trapped within 
them. Air is such a poor heat conductor that, in calm 
weather, the hot ground only warms a shallow layer of 
air a few centimeters thick by conduction. Yet, air can 
carry this energy rapidly from one region to another. 
How then does this phenomenon happen? 


CONVECTION The transfer of heat by the mass move- 
ment of a fluid (such as water and air) is called convec- 
tion. This type of heat transfer takes place in liquids 


_ and gases because they can move freely and it is possi- 


ble to set up currents within them. ; 
Convection happens naturally in the atmosphere. 
On a warm, sunny day certain areas of the earth’s sur- 
face absorb more heat from the sun than others; as a 
result, the air near the earth’s surface is heated some- . 
what unevenly. Air molecules adjacent to these hot 
surfaces bounce against them, thereby gaining some 


- extra energy by conduction. The heated air expands 


and becomes less dense'than the surrounding cooler 
air. The expanded warm air is buoyed upward and 
rises. In this manner, large bubbles of warm air rise 
and transfer heat energy upward. Cooler, heavier air 
flows toward the surface to replace the rising air. This 
cooler air becomes heated in turn, rises, and the cycle 
is repeated. In meteorology, this vertical exchange of 
heat is called convection and the rising air bubbles are 
known as thermals (Fig. 3.6). 4 

The rising air expands, cools, and gradually spreads 
outward. It then slowly begins to sink. Near the sur- 
face, it moves back into the heated region, replacing 


_ the rising air. In this way, a convective circulation, or 


thermal “cell,” is produced in the atmosphere. 


TABLE 3.2 œ Heat Conductivity* of Various Substances . 


HEAT CONDUCTIVITY 
` (Calper sec per cm per °C) 


0.0000614 (at 20°C) 


MATERIAL 
Still air 


Dry soil 0.0006 

Water - 0.00143 

Snow 0.0015 (density 0.5 g/cm’) 
Wet soil 0.0050 

Ice 0.0053 (at 0°C) 
Sandstone 0.0062 . 

Granite 0.0065 

Iron 0.161 

Copper 0.918 

Silver 1.006 


* Heat (thermal) conductivity describes a substance's ability 
to conduct heat as a consequence of molecular motion. 
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FOCUS ON A SPECIAL TOPIC 


A. A O 


THE FATE OF A SUNBEAM 


SH" af tiba 


Consider sunlight in the form of radiant 
energy striking a large lake. Part of the 
incoming energy heats the water, causing 
greater molecular motion and, hence, an 
_ increase in the water’s kinetic energy. This 
greater kinetic energy allows more water 


molecules to evaporate from the surface. - 


As each molecule escapes, work is done 


to break it away from the remaining water — 


molecules. This energy becomes the 
latent heat energy that is carried with the 
water vapor. 

Above the lake, a parcel of warm, moist 
air rises and expands. In order for this 
expansion to take place, the gas 
molecules inside the parcel must use 


Although the entire process of heated air rising, 
spreading out, sinking, and finally flowing back to- 
ward its original location is known as a convective cir- 
SET cara OFS usa restrict ds term con- 


Tke caía moving part of the circulation 
(called wind) carries p AAGE ol the’ air in E partio, 


plo, wind netas across a a bdag of rater elite ‘pick 
up” water vapor from the evaporating surface and 
transport it elsewhere in the atmosphere. If the air 
cools, the water vapor may condense into cloud drop- 


FIGURE 3.6 The development of a 
thermal. A thermal is a rising bubble of air 
that carries heat energy upward by 
convection. 


some of their kinetic energy to do work 
against the parcel's sides. This results in a 
slower molecular speed and a lower 
temperature. Well above the surface, the 


-water vapor in the rising, cooling parcel of 


moist air condenses into clouds. The 
condensation of water vapor releases 
latent heat energy into the atmosphere, 

- Warming the air. The tiny suspended 
cloud droplets possess potential energy, 
which becomes kinetic energy when 
these droplets grow into raindrops that fall 
earthward. 

When the drops reach the surface, their 

_kinetic energy erodes the land. As 
rain-swollen streams flow into a lake 
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behind a dam, there is a buildup of 
potential energy, which can be trans- 
formed into kinetic energy as water is 
harnessed to flow down a chute. If the 
moving water drives a generator, kinetic 
energy is converted into electrical energy, 
which is sent to cities. There, it heats, 
cools, and lights the buildings in which - 
people work and live. Meanwhile, some of 
the water in the lake behind the dam 
evaporates andis free to repeat the cycle. 
Hence, the energy from the sunlight on a 
lake can undergo many transforma- 
tions and help provide the moving force 


: for many natural and human- made 


processes. 


lets and release latent heat. In a sense, then, heatis ad- . 
vected (carried) by the water vapor as it is swept along 
with the wind. Earlier we saw that this is an important 
way to redistribute heat en ri in nthe pen 


ditional information’ © on convection is given in the 
Pocu Eg on nist 60. “a 
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E RADIATION 


Have you ever noticed how warm and flushed your 
face feels as you stand in front of a huge campfire ona 
bitterly cold evening, while the surrounding air re- 
mains quite cold? Somehow, energy from the fire is 
being transferred through the air with little effect upon 
the air itself. Your face, however, absorbs this energy 
and converts it to heat energy. Thus, you feel warm. 
You probably have experienced the same sensation of 
warmth while lying outdoors in the summer sun. The 
energy transferred from the fire and the sun to your 
face is called radiant energy, or radiation. It travels in 
the form of waves that release energy when they are 
absorbed by. an object. Because these waves have 
magnetic and electrical properties, we call them elec- 
tromagnetic waves. Electromagnetic waves do not 
need molecules to propagate them. In a vacuum, they 


travel at a constant speed of nearly 300,000 km 


(186,000 mi) per second—the speed of light. Let’s first 
examine some characteristics and properties of elec- 
tromagnetic waves. Then, we will see how they trans- 
fer energy. 


WAVE CHARACTERISTICS Some wave characteristics | 


are shown in Fig. 3.7. The low points (valleys) of the 


waves are called troughs. The high points (ridges) of 
the waves ar e the crests. The horizontal distance:be- 


tween two successive crests is the wavelength, which 


is usually expressed by the Greek letter lambda (A). 


Electromagnetic waves vary greatly in wavelength. 
Exceedingly short waves include gamma rays and 


„X-rays (whose wavelengths are shorter. than . one- 


hundredth of one-millionth of a meter). Other waves, ` 


D 


such as | levision and radio waves, have lengths of 
more than one meter. Radiation that we can see (visi- 
ble light) has a wavelength less than one-millionth 


Trough ` 
! Wavelength — + 
ES — —— — _— - —— 


FIGURE 3.7 Wave characteristics, ` 
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of a meter (0.000001 m)—a distance nearly one- 
hundredth the diameter of a human hair. 
Just as we measure the length of everyday house- 
hold items in units of meters, centimeters, or inches, 
we measure the wavelength of radiation in terms of 
ricrometers (represented by the symbol om). A mi- 
crometer is equal to one-millionth ofa meter: ` | 


1 micrometer (um) = 0.000001 m = 10-*m. 


The average wavelength of visible light is about 0.5 
ym. To give you a common object for comparison, the 
average height of a letter on this page is about 2000 
um, or 2 millimeters. 


RADIATION AND TEMPERATURE All things (whose 
temperature is above absolute zero), no matter how 
big or small, emit radiation. This book, your body, 
flowers, trees, air, the earth, the stars are all radiating 
a wide range of electromagnetic waves. The energy 
originates from rapidly vibrating electrons, billions of 
which exist in every object. te 
The wavelengths that each ‘object emits depend 


: arily on the object’s temperature. The higher the 
a cinc faster the electrons vibrate, and the 
shorter are the wavelengths of the emitted radiation. 
This can be visualized by attaching one end of a rope 
to a post and holding the other end. If the rope is 
shaken rapidly (high temperature), numerous short 
waves travel along the rope; if the rope is shaken 
slowly (lower temperature), longer waves appear on 
the rope. Although objects at a temperature of about 
500°C (950°F) radiate waves with many lengths, some 
` of them are short enough to stimulate the sensation of 
vision. We actually see these objects glow red. Objects 
cooler than this radiate at wavelengths that are too 
long for us to see. The page of this book, for example, is 
radiating electromagnetic waves. But because its tem- 
perature is only around 20°C (68°F), the waves emitted 
are much too long to stimulate vision. Yet, we can see 
the paper! Where do these visible waves originate? 
What we see are light waves that have reflected 
(bounced) off the paper. These waves emanate from 
glowing or incandescent objects such as light bulbs, 
lamps, and the sun. If this book were carried into a 
completely dark room, it would continue to radiate, 
but the pages would appear black because there are no 
visible light waves in the room to reflect off the pages. 
Objects that have a very high temperature emit 
energy at a greater rate or intensity than objects at a 


in. This relationship, called the ida 
Bola law after Josef Stefan (1835-1893) and 
Ludwig Boltzmann (1844-1906), who derived it, 
states that all objects with temperatures above abso- 
lute zero (0 K or —273°C) emit radiation at a rate pro- 
portional to the fourth power of their absolute temper- 
ature. Consequently, all increase in temperature 
results in a large etsasea in the amount of radiation 
emitted because doubling the absolute temperature of 
an object increases the maximum energy output by a 
gS of 16, which is 2*. 


RADIATION OF THE SUN AND EARTH Most of the sun’s 
energy is emitted from its surface, where the tempera- 
ture is nearly 6000 K (10,500°F). The earth, on the 
other hand, has an average surface temperature of 
‘288 K (15°C, 59°F). The sun, therefore, radiates a great 
deal more energy than does the earth (see Fig. 3.8). At 
what wavelengths do the sun and the earth radiate 
most of their energy? Fortunately, the sun and the 
earth both have characteristics (discussed in a later 
section) that enable us to use the following relation- 
ship discovered by the German physicist Wilhelm 
Wien, pronounced. Weén (1864-1928): 


temperature ir ‘Kelvin, an easy to AE ith we will 
round off the constant to the number 3000. ` 


For the sun, with a surface temperature of 6000 K* 


the equation becomes 


*The exact law is written as E = oT*, where o is the Stefan- 
Boltzmann constant and is equal to 5.67 x 10°°erg/cm? K* sec. In SI 
units, the constant is 5.67 xX 1078 W/m? K‘. 


Emitted Radiation (Cal, cm” ?, min p m- ') 


RADIATION | 59 


17,500 


15,000 
12,500 
10,000 
7500 
5000 


2500 


O 
SO) 0.5 l ds PTO 
Wavelength (um) 
7 
E 050 A max 
5 
El a The earth 
io cu 288 K 
a! y .025 we 
BO 
aq 
E 4 
~“ 0 : 10 20 30 
‘ie: - Wavelength (um) 


FIGURE3.8 Radiant energy emitted from a square centimeter of area 
of thé surface of the sun (6000 K) and the earth (288 K). The hotter sun 
not only radiates much more energy than the cooler earth, it does so at 
shorter wavelengths. Note that the two scales differ by a factor of 
100,000. 


Thus, the sun emits a maximum amount of radiation at 

wavelengths near 0.5 pm. The cooler earth, with a sur- 

face temperature near 300 K (81°F), emits maximum 

radiation near wavelengths of 10 um, since 

_ 3000nmK _ 4, a 

300K 

Thus, the earth emits most of its radiation at longer 
wavelengths between about 4 and 25 pm, while the 
sun emits the majority of its radiation at wavelengths. 
less than 2 pm. For this r reason, the earth's radiation is 


max 


FOCUS ON A SPECIAL TOPIC 


WATCHING FOR CONVECTION. 


Since air is invisible, we cannot actually ` 
see convection and rising thermals. Often, 
‘however, there are signs that tell us where 
the air is rising. On a calm day, you can 
watch a hawk circle and climb high above - 
level ground while its wings remain 

- motionless. The rising air carries the hawk 

_ .upwardasit scans the terrain for prey. Ina 
similar way; sailplanes remain airborne as. 
glider pilots “look” for thermals, ride them 
as high as they can, then quickly search 
for another. A rising thermal that has 


fields, and cities. 


_ often called longwave radiation, whereas the sun’s 
energy is referred to as shortwave radiation. 
` Wien’s law demonstrates that, as the temperature of 
an object increases, the wavelength at which maxi- 

mum emission occurs is shifted toward shorter values. 
For example, if the sun’s surface temperature were to 
double to 12,000 K, its wavelength of maximum emis- 
sion would be halved to about 0.25 ym. If, on the other 
hand, the sun’s surface cooled to 3000 K, it would 
emit its maximum amount of radiation near 1.0 ym. 


Violet -: 


Ultraviolet 
infrared 


ar 
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Radiation Intensity (amount) —» 
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picked up surface dust and debris ina 
cone of rotating motion is called a dust 
devil. Although dust devils are usually 
small, they occasionally become quite 
large and can extend upward into the 

- atmosphere for hundreds of meters. 
Thermals can form above just about any. . 
heated surface, such as volcanoes, fires, l 


If the air in rising thermals is sufficiently 
moist, puffy clouds with flat bases called 
cumulus clouds may form within them. 


os 


- Microwaves 
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Asmall aircraft flying below a developing 
cumulus cloud may be jostled around by 
the rising and sinking air associated with 
convection. This jostling can be severe 
enough to cause passengers inside the 
aircraft to experience air sickness. 
Consequently, pilots would rather fly 
above cumulus clouds than below them. 
So, the next time you see a sky spotted. . . 
with cumulus clouds growing in size, 
imagine how many thermals must be 
rising from the earth’s surface. 


Even though the sun radiates at a maximum rate ata 
particular wavelength, it nonetheless emits some radi- 
ation at almost all other wavelengths. If we look at the i 


amount of radiation given off by the sun at each wave- 


length, we obtain the sun’s electromagnetic spectrum. 
A portion of this spectrum is shown in Fig. 3.9. | 

Our eyes are sensitive to radiation between 0.4 and 
0.7 jm. These waves reach the eye and stimulate the 
sensation of color. (See Table 3.3.) This portion of the 
spectrum is referred to as the visible region. The sun 


AM radio waves 
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FIGURE 3.9 Thesun's electromagnetic spectrum and some of the descriptive names of each 
region. The numbers undemeath the curve approximate the percent of energy the sun radiates in 


various regions. oe 
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emits nearly 44 percent of its radiation in this zone, 
with the peak of energy output found at t the wave- 
length corresponding to the color blue-green. The 


color violet is the shortest wavelength of visible light.- 


Wavelengths shorter than violet (0.4 pm) are ultra- 
violet. X-rays and gamma rays with exceedingly short 
wavelengths fall into this category. The sun emits only. 
about 7 percent of its total energy at ultraviolet wave- 
lengths. | 

The longest wavelengths of visible light correspond 


to the color red. Wavelengths longer than red (0.7 pm). 


are infrared. These waves cannot be seen by humans. 
Nearly 37 percent of the sun's energy is radiated be- 
tween 0.7 pm and 1.5 pm, with only 12 percent 
radiated at wavelengths longer than 1.5 pm. 

Whereas the hot sun emits only a part of its energy in 
the infrared portion of the spectrum, the relatively 
cool earth emits almost all of its energy at infrared 
wavelengths. Although we cannot see infrared radia-- 


tion, there are instruments called infrared sensors, © 


which can. Weather satellites that orbit the globe use 
these sensors to observe radiation emitted by the 
earth, the clouds, and the atmosphere. Since objects of 
different temperatures radiate their maximum energy 
at different wavelengths, infrared photographs can 
distinguish among objects of different temperatures. 
Clouds always. radiate infrared energy; thus, cloud 
pictures using infrared sensors can be taken during 
both day and night. 

In summary, both the sun and earth emit radiation. 
The hot sun (6000 K) radiates nearly 88 percent of its 


TABLE 3.3 MW Colors that Correspond to Various 
Wavelengths of Radiation / a” 


TYPICAL 
WAVELENGTH (um) 


WAVELENGTH 
COLOR* RANGE (pm) 


Violet 0.40t00.44 

Blue Ds to 0.49 
Green. 0.50to0.53 © 

Yellow 4 0.54 to 0.58 

IS EN ~ 0.59 to 0.64 

Red 0.65 to 0.70 


Notice that violet is the shortest ae er of visible light 
and red is the o Ey 
A 


energy at wavelengths less than 1.5 um, with 
maximum emission in the visible region near 0.544m. 
The cooler earth (288 K) radiates nearly all its energy 
between 4 and 25 um with a peak intensity in the in- 
frared region near 10 um (see Fig. 3.8). The sun’s sur- — 
face is nearly 20 times hotter than the earth’s surface. 
From the Stefan-Boltzmann relationship, this fact 
means that a unit area on the sun emits nearly 160,000. 
(20*) times more energy during a given time period 
than the same size area on the earth. And since the sun 
has such a huge surface area from which to radiate, the 
total energy emitted by the sun each minute amounts 


‘to a staggering 6 billion, billion, billion calories! (Ad- 


ditional information on radiation intensity is given in 
the Focus section on p. 64.) 


= BALANCING ACT—ABSORPTION, 
_ EMISSION, AND EQUILIBRIUM 


If the earth and all things on it are continually radiat- 
ing energy, why doesn’t everything get progressively 
colder? The answer is that all objects not only radiate 
energy, they absorb it as well: If an object radiates . 
more energy than it absorbs, it gets colder; if it absorbs | 
more energy than it emits, it gets warmer. On a sunny 
day, the earth’s surface warms by absorbing more 
energy from the sun and the atmosphere than it 
radiates, while at night the earth cools by radiating 
more energy than it absorbs from its surroundings. 
When an object emits and absorbs energy at equal 
rates, its temperature remains constant. 

The rate at which something radiates and absorbs 
energy depends strongly on its surface characteristics, - 
such as color, texture, and moisture, as well as temper- 
ature. For example, a black object in direct sunlight is 
a good absorber of radiation. It converts energy from 


the sun into internal energy, and its temperature ordi- 


narily increases. You need only walk barefoot on a 
black asphalt road on a summer afternoon to experi- 
ence this. The asphalt road can be used to illustrate an 
important general principle: Good absorbers are also 
good emitters of radiation. At night, the blacktop road 
will cool quickly and, by early morning, will be cooler 
than surrounding surfaces. 

Any object that is a perfect absorber (that is, absorbs 
all the radiation that strikes it) and a perfect emitter 
(emits the maximum radiation possible at its given 
temperature) is called a black body. Black bodies do 
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not have to be colored black, they simply must absor! 
and emit all possible radiation. Since the earth’s sur= 
face and the sun absorb and radiate with nearly 100 
percent efficiency for their respective temperatures, 
they both behave as black bodies. This is the reason we 
were able to use Wien’s law and the Stefan-Boltzmann 
law to determine the characteristics of radiation emit- 
ted from the sun and the earth. © 

When we look at the earth from space, we see that 
half of it is in sunlight, the other half is in darkness. 
The outpouring of solar energy constantly bathes the 

earth with radiation, while the earth, in turn, con- 

stantly emits infrared radiation. If we assume that 
there is no other method of transferring heat, then, 
when the rate of absorption of solar radiation equals 
the rate of emission of infrared earth radiation, a state 
of radiative equilibrium is achieved. The average tem- 
perature at which this occurs is called the radiative 
equilibrium temperature. At this temperature, the 
earth (behaving as a black body) is absorbing solar 
radiation and emitting infrared radiation at equal 
rates, and its average temperature does not change. Be- 
cause the earth is about 150 million km (93 million mi) 
from the sun, the earth’s radiative equilibrium tem- 
perature is about 255 K (—18°C, 0°F). But this temper- 
ature is much lower than the earth’s observed average 
surface temperature of 288 K (15°C, 59°F). Why is 
there such a large difference? Ca 

The answer lies in the fact that the earth's atmo-' 
sphere absorbs and emits infrared radiation. Unlike 


CO 


FIGURE 3.10 The melting of snow outward from the trees causes 
small depressions to form. The melting is caused mainly by the snow’s 
absorption of the infrared energy being emitted from the warmer tree 
and its branches. The trees are warmer because they are better 
absorbers of sunlight than is the snow. 
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the earth, the atmosphere does not behave like a black 
body; as it absorbs some wavelengths of radiation and 
is transparent to others. Because the atmosphere both 
selectively absorbs and emits radiation, it is known as 
a selective absorber. Let's examine this concept more 
closely. 


SELECTIVE ABSORBERS AND THE ATMOSPHERIC GREEN- 
HOUSE EFFECT A substance that is a good absorber of 
certain wavelengths may not be a good absorber of all 
wavelengths. Just as some people are selective eaters 
of certain foods, most/substances in our environment 
are selective absorbers; that is, they absorb only cer- 
tain wavelengths of radiation. Glass is a good example 
of a selective absorber in that it absorbs some of the in- 
frared and ultraviolet radiation it receives, but not the 
visible radiation that is transmitted through the glass. 
As a result, it is difficult to get a sunburn through the 
windshield of your car, although you can see through 
it. | i , 
Objects that selectively absorb radiation also selec- 
tively emit radiation at the same wavelength. This 
phenomenon is called Kirchhoffs law. This law states 
that good absorbers are good emitters at a particular 


‘wavelength, and poor absorbers are poor emitters at 


the same wavelength.* ` 

Snow is a good absorber as well as a good emitter of 
infrared energy (white snow actually behaves as a 
black body in the infrared wavelengths). The bark of a 
tree absorbs sunlight and emits infrared energy, which 
the snow around it absorbs. During the absorption pro- 
cess, the infrared radiation is converted into internal 
energy, and the snow melts outward away from the 


“tree trunk, producinga small depression that encircles 


the tree (see Fig. 3.10). 

-At night, a snow surface usually emits much more 
infrared energy than it absorbs from its surroundings. 
This large loss of infrared energy (coupled with the in- 
sulating qualities of snow) causes the air above a snow 


surface on a clear, winter night to become extremely 


cold. 
Gases in our atmosphere are also selective absorb- 
ers. Ozone, for example, selectively absorbs ultra- 
violet radiation; especially at wavelengths between 
0.2 and 0.3 um, as well as infrared radiation at 9.6 wm. 
(See Fig. 3.11.) Molecular oxygen absorbs ultraviolet 
energy below a wavelength of 0.2 um. As we saw in 


*Strictly speaking, this law only applies to gases. _ 
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Chapter 2, both of these gases absorb this radiation in 
the upper part of the atmosphere at levels above 10 km 
(6 mi). Below this level, water vapor and carbon 


dioxide (CO,) are strong selective absorbers of infrared _ 


radiation and poor absorbers of visible solar radiation. 
In Fig. 3.11, observe that water vapor is the most im- 
portant absorber in that it strongly absorbs infrared 
energy at wavelengths between 1 and 8 pm, and also at 
wavelengths longer than about 12 um. The gas CO, ab- 
sorbs infrared radiation near 4 um and at wavelengths 
longer than about 13 um. Neither water vapor nor CO, 
readily absorbs wavelengths between 8 and 11 pm. Be- 
cause these wavelengths of emitted energy pass up- 
ward through the atmosphere and out into space, this 
wavelength range (between 8 and 11 pm) is known as 
the atmospheric window.* - 

We know that the earth radiates most of its energy at 
infrared wavelengths between 4 and 25 um. There- 
fore, a large portion of this emitted energy is absorbed 
by water vapor and CO,, which are abundant in the 
lower atmosphere. As these gases absorb this radia- 
tion, they gain kinetic energy (energy of motion). The 
gas molecules share this energy by colliding with 
neighboring air molecules, such as oxygen and nitro- 
gen (both of which are poor absorbers of infrared radi- 
ation). These collisions increase the average kinetic 
energy of the air, which results in an increase in air 
temperature. So some of the infrared energy emitted 
from the earth's surface warms the lower atmosphere. 

Besides being selective absorbers, water vapor and 
CO, selectively emit radiation at infrared wave- 
lengths. This radiation travels away from these gases 
in all directions. A portion of this energy is radiated to- 
ward the earth’s surface and absorbed, thus heating 
the ground. The earth, in turn, reradiates infrared 
energy upward, where it is absorbed and warms the 
lower atmosphere. In this way, water vapor and CO, 
absorb and reradiate infrared energy and act as an in- 
sulating layer around the earth, keeping part of the 
earth’s infrared radiation from escaping rapidly into 
space. Consequently, the earth’s surface and the lower 
atmosphere are much warmer than they would be if 
these selective absorbers were not present. In fact, as 
we saw earlier, the earth’s mean radiative equilibrium 
. temperature without CO, and water vapor would be 


*There is some absorption of radiation at 9.6 pm by ozone in the 
stratosphere. 
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FIGURE 3.11 Absorption of radiation by gases in the atmosphere. 
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FOCUS ON A SPECIAL TOPIC 
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Standing close to a fire makes us feel. 
warmer than we do when we stand ata 

- distance from it. Does this mean that, as 
we move away from a hot object, the 
waves carry less energy and are; 
therefore, weaker? Not really. The 


- intensity of radiation decreases aswe `. sis 
A s 


_ move away from a hot object because 
toe 
ZS 


.. radiating energy spreads outward in all: 
_ directions. Figure 1 illustrates that, as the 
- distance froma radiating object increases, 
a given amount of energy is distributed 
- Over a larger area, so that the energy 
‘received per unit of area and per unit of 
time decreases. In fact, at twice the 
- distance from the source, the radiation is 
spread over 4 times the area. 

“This phenomenon raises another 
question: Do all wavelengths of radiation 
carry the same amount of energy? The 
answer is emphatically NO! Shorter waves 
carry much more energy than do longer - : 
waves. When comparing the energy 
carried by various waves, it is useful to 
give electromagnetic radiation charac- 
teristics of particles in order to “explain” 
some of the wave’s behavior. We might 
think of radiation as streams of particles, 
or photons, which are discrete packets of 
energy. 

E Short wavelength photons carry a great 
`. deal more energy than long wavelength 


around —18°C (0°F), or about 33°C (59°F) lower than at | 


present. 
The absorption characteristics of water vapor, CO,, 


and other gases such as methane and nitrous oxide 


(see Fig. 3.11), were, at one time, thought to be similar 
to the glass of a florist's greenhouse. In a greenhouse, 
the glass allows visible radiation to come in, but in- 
hibits to some degree the passage of outgoing infrared 
radiation. For this reason, the behavior of the water 


vapor and CO, in the atmosphere is popularly called — 


the greenhouse effect. However, studies have shown 


FIGURE! The intensity, or amount, of radiant energy transported by electromagnetic waves 
decreases as we move away froma radiating object because the same amount of energy is 
spread over a larger area. 


photons. Short ultraviolet wavelengths, 
less than 0.32 um, have enough energy 
per photon to produce sunburns and 
penetrate skin tissues, ¡sometimes 
causing skin cancer. Oddly enough, these 
same wavelengths activate provitamin D 
in the skin and convert it into vitamin D, 
which is essential to health. Longer 
ultraviolet wavelengths, between 0.33 
and 0.4 pm, are less energetic, but can 
still tan the skin. Fortunately for human 
existence, virtually all the ultraviolet 
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` radiation at wavelengths below about 0.3 
umis absorbed in the upper atmosphere. 

Very little is able to reach the earth's 
surface. Photons with wavelengths near 
0.26 um carry enough energy to cause 
chromosome mutations. If these waves 
were able to reach the earth’s surface, the 
effects on plant and animal life could be 
drastic. In Chapter.2, we saw.that it is 
mainly ozone in the stratosphere and 
oxygen in the thermosphere that protect 

us from these harmful rays. 


that the warm air inside a greenhouse is probably 
caused more by the air’s inability to circulate and mix 
with the cooler outside air, rather than by the entrap- 
ment of infrared energy. Because of these findings, 
some scientists insist that the greenhouse effect 
should be called the atmosphere effect. To accommo- 
date everyone, we will use the term atmospheric 
preenhouse effect when describing the role that water 
vapor and carbon dioxide play in keeping the earth’s 
mean surface temperature higher than it otherwise 
would be. . 
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In summary, the atmospheric greenhouse effect oc- 
curs because H,O, CO,, and other trace gases are selec- 
tive absorbers. They allow most of the sun’s radiation 
to reach the surface, but they absorb a good portion of 
the earth’s infrared radiation, preventing it from es- 
caping into space. (See Fig. 3.12.) 

At night clouds can enhance the atmospheric green- 
house effect. Tiny liquid cloud droplets are selective 
absorbers in that they are good absorbers of infrared 
radiation but poor absorbers of visible solar radiation. 
Low clouds with a thickness of over 100 m (300 ft) are 
effective absorbers of outgoing infrared radiation. 
They even absorb the wavelengths between 8 and 
11 pm, which are otherwise “passed up” by water 
vapor and CO,. Thus, they have the effect of enhanc- 

ing the atmospheric greenhouse effect by closing the 
atmospheric window. Clouds are also excellent emit- 
ters of infrared radiation? Their tops ió infrared 
energy upward and their bases radiate energy back to 
the earth’s surface where it is reabsorbed and, in a 


sense, reradiated back to the clouds. This process 
keeps calm, cloudy nights warmer than calm, clear 
ones. 

If the clouds remain into the next day, they prevent 
much of the sunlight from reaching the ground by re- 
flecting it back to space. Since the ground does not * 
heat up as much as it would in full sunshine, cloudy, 
calm days are normally cooler than clear, calm days. 
Hence, the presence of clouds tends to keep nighttime 
temperatures higher and daytime temperatures lower. 


ENHANCEMENT OF THE GREENHOUSE EFFECT In spite 
of the inaccuracies that plague temperature measure- 
ments, several studies indicate that for the past 100. 
years or so, the earth’s surface has been undergoing a. 
slight warming trend of about 0.5°C (0.9°F). Scientific 
computer models, called General Circulation Models . 
(GCMs), predict that if such a warming should con-- 
tinue unabated, we are irrevocably committed to some 
measure of climate change, notably a cheno of the 


FIGURE 3.12 Sunlight warms the earth's surface only during the day, while the surface constantly 
emits infrared radiation upward during the day and at night. (a) Near the surface, water vapor, CO3, 
and other trace gases absorb some of this infrared energy and reradiate it back to the ground—the 
atmospheric greenhouse effect. This provides warmth, like an insulating blanket, which helps to keep 
the earth's average surface temperature near 15°C (59°F), which is comfortable. (b) Without water 
vapor, CO», and other greenhouse gases, the earth’s surface would constantly emit infrared energy, 
but it would not receive infrared energy from its lower atmosphere. Hence, there would be no 
atmospheric greenhouse effect and the earth’s average surface temperature would be much lower 


than it is presently. 


(a) Earth's atmosphere with HO and CO, 


(b) Earth's atmosphere without H,O and CO, 
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world’s wind patterns that steer the rant prodig 
storms across the globe. 

Some scientists believe that the main cause for the 
warming is the greenhouse gas carbon dioxide, whose 
concentration has been increasing primarily because 
of the burning of fossil fuels and deforestation: How- 
ever, in recent years, increasing concentration of other 
greenhouse gases, such as methane (CH,), nitrous 
oxide (N,0), and chlorofluorocarbons (CFCs), has col- 
lectively been shown to have an effect equal to CO}. 
Look at Fig. 3.11 and notice that both CH, and N,O ab- 
sorb strongly at infrared wavelengths. Moreover, a 


particular CFC (CFC-12) absorbs in the region of the at- - 


mospheric window between 8 and 11 um. Thus, in 
terms of its absorption impact on infrared radiation, 
the addition of a single CFC-12 molecule to the atmo- 
sphere is equivalent to. adding 10,000 molecules of 
CO,. 

Presently, akecontsi tration of carbon dioxide in a 
volume of air near the surface is about 0.035 percent. 
Some computer models predict that doubling this 
amount will cause the earth’s average surface temper- 
ature to rise between about 2° and 5°C. How.can dou- 
bling such a small quantity of CO, and adding minis- 


cule amounts of other greenhouse’ gases bring about 


such a large temperature increase? 

` Mathematical climate models pidat that rising 
ocean temperatures will cause an increase in evapora- 
tion rates. The added water vapor—the primary green- 
house gas—will enhance the atmospheric greenhouse 
effect and double the temperature rise, in what is 
known as a positive feedback. But there are other feed- 
backs to consider.* 


. The two potentially largest and least understood 


feedbacks i in the climate system are the clouds and the 
oceans. Clouds can change area, depth, and radiation 
properties simultaneously with climatic changes. The 
net effect of all these changes is not well understood. 
Oceans, on the other hand, cover 70 percent of the 
planet. The response of ocean circulations, ocean tem- 
peratures, and sea ice to global warming will deter- 
mine the global pattern and speed of climate change. 
Unfortunately, it is not now known how quickly or in 
what direction each of these will respond. — 


_*A feedback is a process whereby an initial change ina process will 
tend to either reinforce the process (positive feedback) or weaken 
the process (negative feedback). 
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Satellite data from the Earth Radiation Budget Ex- 
periment (ERBE) of the 1980s suggest that clouds over- 
all appear to cool the earth’s climate, as they reflect 


` and radiate away more energy than they retain. (The 


earth would be warmer if clouds were not present.) So 
an increase in atmospheric water vapor might bring 
about an increase in global cloudiness, and an in- 
crease in global cloudiness (if it were to occur) might 
offset some of the global warming brought on by an en- 
hanced atmospheric greenhouse effect. Therefore, if 
clouds were to act on the climate system in this man- 
ner, they would provide a negative pecans on cli- 


mate change. 


Uncertainties unquestionably exist about the im- 
pact that increasing levels of CO, and other trace gases 
will have on enhancing the atmospheric greenhouse 
effect. Nonetheless, many (but not all) scientific 
studies suggest that increasing the concentration of 
these gases in our atmosphere will lead to global-scale 
climatic change within the next century. Such change 
could adversely affect water resources and agricul- 
tural productivity. (We will examine this topic further 
in Chapter 19, when we cover climatic change in more 
detail.) 

So far we have looked mainly at how radiation is ab- 


sorbed and emitted. Now we will turn our attention to 


radiation that bounces off an object’ s surface in a pro- 
cess we Call reflection. . 


REFLECTED RADIATION AND ALBEDO White or shiny 
objects reflect sunlight from their surfaces. An object 


> that reflects a great deal of sunlight absorbs very little: 


This can be illustrated by placing thermometers inside 
two identical houses, one painted white, the other 
black. If both houses are in direct sunlight, the white 
house will heat up more slowly because it is a better 
reflector (and a poorer absorber) of solar radiation. 
Clean, white snow reflects as much as 95 percent of 
the solar radiation that strikes it. Most of this energy is 
in the visible and ultraviolet wavelengths. Reflected 
radiation, coupled with direct sunlight, can produce 


severe sunburns on the exposed skin of unwary snow 
skiers. Excessive exposure to light reflected from snow 


can also cause snow blindness, a condition of tempo- 
rary visual impairment. 

Water surfaces reflect only a small amount of solar 
energy. For an entire day, a smooth water surface will 
reflect an average of only 10 percent of the incident 
sunlight. Calm water reflects sunlight least (absorbs 
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best) around noon when the sun is high in the sky. At 
this time, calm water reflects only about 2 percent of 
the incoming radiation. Water reflects sunlight best 
(absorbs least) when the sun is low on the horizon and 
the water is a little choppy. This may explain why 
people who wear brimmed hats while fishing from a 
boat in choppy water on a sunny day can still get sun- 
burned during the midmorning or midafternoon. 

When sunlight strikes very small objects, such as air 
molecules and dust particles, the light itself is de- 
flected in all directions—forward, sideways, and 
backwards. The distribution of light in this manner is 
called scattering. Because air molecules are much 
smaller than the wavelengths of visible light, they are 
more effective scatterers of the shorter (blue) wave- 
lengths than the longer (red) wavelengths. Hence, 
when we look away from the direct beam of sunlight, 
blue light strikes our eyes from all directions, turning 
the daytime sky blue. At midday, all the wavelengths 
of visible light from the sun strike our eyes, and the 
sun is perceived as white. At sunrise and sunset, when 
the white beam of sunlight must pass through a thick 
portion of the atmosphere, scattering by air molecules 
‘ removes the blue light, leaving the longer wavelengths 
of red, orange, and yellow to pass on through, creating 
the image of a ruddy or yellowish sun. 

The percent of radiation returning from a surface 
compared to that which strikes it is called the albedo 
of the surface. Albedo, then, represents the reflectivity - 
of the surface. We have seen that clean, white snow 
can reflect up to 95 percent of the solar radiation that 
reaches it. Such snow, therefore, can have an albedo as 
high as 95 percent. The albedo of a water surface de- 
pends upon the angle at which the sunlight strikes it 
poe whether the surface is smooth or rough. 

- Most grassy fields, plowed fields, and rocky areas 
have albedos of between 10 and 30 percent (see Table 
3.4). Thick clouds have a higher albedo than thin 
clouds. On the average, the albedo of clouds is near 60 
percent. The albedo of the moon is about 7 percent, 
which means that out of all the solar radiation that hits 
the moon’s surface, only 7 percent is reflected. What 
does this fact tell us about the surface color of most 
moon rocks? It indicates that, because moon rocks re- 
flect so little sunlight, they must be good absorbers; 
hence, they tend to be dark in color. Table 3.4 sum- 
marizes the idea of reflectivity by showing the albedo 
of various surfaces. 

. In Fig. 3.13, we can see that, out of 100 percent of the 


solar radiation reaching the top of the atmosphere 
each year, nearly 20 percent is reflected upward by 
clouds and 6 percent is scattered back to space by the 


_ atmosphere. Only about 4 percent is reflected from the 


earth’s relatively dark surface. Therefore, on an an- 
redirect about 30 ) percent of the sun’s incoming radia- 
«tion back to space. This gives the earth and its atmo- 
sphere a cc combined albedo of 30 percent. Of the re- 
maining solar energy, about 19 percent is absorbed by 
the atmosphere and clouds, and about 51 percent 
reaches the lower atmosphere to warm the surface. 


` The surface, in turn, warms the air above it. 


In the last several sections, we have explored exam- 
ples of some of the ways radiation is absorbed and 
emitted by various objects. Before reading the next 
section, let's review a few important facts and prin- 
ciples: 


1. All objects with a temperature above absolute Zero 
mit radiation. © 

2. The higher an object’s temperature, the greater the 
-amount of radiation emitted per unit surface area 
and the shorter the wavelength of maximum emis- ` 
sion. 

3. The earth absorbs solar radiation only during the 
daylight hours; however, it emits infrared radiation 

- continuously, both during the day and at night. 

4. The earth’s surface behaves as a black body, making 
ita much better absorber and emitter of radiation 
than is the atmosphere. - 


—_— 


a 


TABLE 3.4 jg Typical Albedo of Various Surfaces 


SURFACE OR OBJECT ALBEDO (percent) | 


Fresh snow 75to95 
Clouds (thick) . 60 to 90 
Clouds (thin) © 30 to 50 
Venus E 78 
Ice 30 to 40 
Sand 15 to45 
Earth andatmosphere 30 
Mars | 17 
Grassy field 10 to 30 
Dry, plowed field 5 to 20 
Water 10* 
Forest 3to10 
Moon i 7 


*Daily average. i : 


sider how the earth and its atmosphere maintain a 
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FIGURE 3.13 On the average, ofall the solar energy that reaches the earth's atmosphere annually, 
about 30 percent is reflected and scattered back to space, 19 percent is absorbed by the 


atmosphere and clouds, and 51 percent is absorbed at the surface. i 


j 


5. Water vapor and carbon dioxide are ir portant at- by conduction, then shoot upward like freshly popped 
mospheric greenhouse gases that selectively absorb kernels of corn, carrying their energy with them. Be- 


and emit infrared radiation, thereby keeping the cause the air near the ground is very dense, these mol- 
earth's average surface temperature warmer than it . __ ecules only travel a short distance-(about 107” m) be- 
otherwise would be. __ pen | “fore th llide with other molecules: During the 
. 6. Cloudy, calm nights are often warmer than clear, collision, these more rapidly moving molecules share 
calm nights because clouds strongly absorb and their energy with less energetic molecules, raising the. 
emit infrared radiation. average temperature of the air. But air is such a poor 
7. The earth and its atmosphere have a combined al- heat conductor that this process is only importan 
bedo that averages near 30 percent. a within a few centimeters of the ground. : 
With these concepts in mind, we will first examine Ps the surface air warms, it actually becomos less 


how the air near the ground warms, then we will con- rises and the cooler air sinks, setting up thermals, or 


Inle O free convection cells that transfer heat upward and 
A ' distribute it through a deeper layer of air. The rising air 
expands and cools, and, if sufficiently moist, the water 


WARMING THE AIR FROM BELOW On a clear day, solar vapor condenses into cloud droplets, releasing latent 
energy passes through the lower atmosphere with lit- heat that warms the air. Meanwhile, the earth con- 
tle effect upon the air. Ultimately it reaches the sur- stantly emits infrared energy, which is being absorbed 
face, warming it (Fig. 3.14). Air molecules in contact and re-emitted by greenhouse gases like water vapor 


with the heated surface bounce against it, gain energy - and carbon dioxide.. Since the concentration of water 


> than the air directly above it. The warmer air. 
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vapor decreases rapidly above the earth, most of the 
absorption occurs in a layer near the surface. Hence, 
the lower atmosphere is mainly heated from below. 


THE EARTH'S ANNUAL ENERGY BALANCE Although the 
average temperature at any one place may vary consid- 


erably from year to year, the earth’s overall average - 


equilibrium temperature En on ly slightly from 


one yearto the next. This fact indicates tha ,each year, 
the earth and its atmosphere combined must send off 
into space just as much energy as they receive from the 
sun. The same type of energy balance must exist be- 
tween the earth’s surface and the atmosphere. That is, 
each year, the earth’s surface must return to the atmo- 
sphere the same amount of energy that it absorbs. If 
this did not occur, the earth’s average surface tempera- 
ture would change. How do the earth and its atmo- 
sphere maintain this yearly energy balance? 


Suppose 100 units of solar energy reach the top of 


the earth’s atmosphere. We already know from Fig. 
3.13 that, on the average, clouds, the earth, and the at- 
mosphere reflect and scatter 30 units back to space and 


Latent: 
heat.” 
released” 


that the atmosphere and clouds together absorb 19 


- units, which leaves 51 units of direct and indirect 


solar radiation to be absorbed at the earth's surface. 
Figure 3.15 shows approximately what happens to 
the solar radiation that is absorbed by the surface and 
the atmosphere. Out of 51 units reaching the surface, a 
large amount (23 units) is used to evaporate water and 
about 7 units are lost through conduction and convec- 


tion, which leaves 21 units to be radiated away as in- 


frared energy. Look closely at Fig. 3.15 and notice that 
the earth's surface actually radiates upward a whop- 
ping 117 units. It does so because, although it receives' 
solar radiation only during the day, it constantly emits 
infrared energy both during the day and at night. Ad- 
ditionally, the atmosphere above only allows a small 
fraction of this energy (6 units) to pass through into 
space. The majority of it (111 units) is absorbed mainly 
by the greenhouse gases water vapor and CO,, and by 
clouds. of this energy (96 units) is then reradi- 
ated back to earth, producing the atmospheric green- 
house effect. In all these exchanges, notice that the 
energy lost at the earth's surface (147 | units) is exactly- 
balanced by the energy gained there (147 units). 


FIGURE 3.14 Air in the lower atmosphere is heated from below. Sunlight warms the ground, and 
the air above is warmed by conduction, convection, and radiation. Further warming occurs during 


condensation as latent heat is given up to the air inside the cloud. 
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9. (Energy lost:to space) 


(Energy lost 
by atmosphere) 


— (Energy rea 
at earth surface) 


FIGURE 3.15 The earth- atmosphere rae balance. Numbers represent approximations based 
on surface observations and satellite data. While the actual value of each process may vary by several 


peer itis the relative size of the numbers that is important: 


A ran aa 


and its atmosphere. Again i in Fig. 3.15 observe that the - 
energy gained by atmosphere (160 units) ) balances 
the energy lost. Moreover, averaged for an entire 
‘year, the solar energy received at the earth's surface 
(51 units) and that absorbed by the earth’s atmosphere 
(19 units) balances the infrared energy lost to space 
by the earth’s surface (6 pata) and its ey 
(64 units). 

And so, the earth and the atmosphere absorb energy 
from the sun, as well as from each other. In all of the 
energy exchanges, a delicate balance is maintained. 
Essentially, there is no yearly gain or loss of total 
energy, and the average temperature of the earth and 
the atmosphere remains fairly constant from one year 
to the next. This equilibrium does not imply that the . 
earth’s average temperature does not change, but that 
the changes are small from year to year (usually less 


~~. o ee 
s between the earth’s surface _ 


than one-tenth of a degree Celsius) and become signifi- 
= cant only when measured over many years. 


Up to this point we have considered the energy of 
the sun and the earth. Now let’s look more closely at 


. the sun itself, examining where its energy originates 


and how it can influence the outer reaches of the 
earth’s tenuous atmosphere. 


vx oA 
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EH CHARACTERISTICS AND ENERGY OF THE SUN 


The sun is our nearest star. It is some 150 million km 
(93 on mi) from earth. The next star, Alpha 
Centauri, is more than 250,000 times further away. 
Even though the earth only receives about one two- 
billionths of the sun's total energy output, it is this 
energy that allows life to flourish. Sunlight determines 
the rate of photosynthesis in plants and strongly regu- 


lates the amount of evaporation from the oceans. It 
warms this planet and drives the atmosphere into the 
dynamic patterns we experience as everyday wind 
and weather. Without the sun’s radiant energy, the 
earth would gradually cool, in time becoming encased 
in a layer of ice! Evidence of life on the cold, dark, and 
barren surface would be found only in fossils. Fortu- 
nately, the sun has been shining for billions of years, 
and itis likely to shine for at least several billion more. 
The sun is a giant celestial furnace. Its core is ex- 
tremely hot, with a temperature estimated to be near 
15 million degrees Celsius. In the core, hydrogen nu- 
clei (protons) collide at such fantastically high speeds 
‘that they fuse together to form helium nuclei. This 
thermonuclear process. generates an enormous’ 
amount of energy, which gradually works its way to 
the sun’s outer luminous surface—the photosphere 
“sphere of light”). Temperatures here are much 
cooler than in the interior, generally near 6000°C. We 
have noted already that a body with this surface tem- 
perature emits radiation at a maximum rate in the vis- 
ible region of the spectrum. The sun is, therefore, a 
shining example of such an object. 
Dark blemishes on the photosphere called sunspots 


are huge, cooler regions that typically average more — 
than 5 times the diameter of the earth. Although sun- . 
spots are not well understood, they are known to be re- 
gions of strong magnetic fields. They are cyclic, with - 
the maximum number of spots occurring approxi-. 
mately every 11 years. Recent measurements from 
satellites reveal that during asunspot maximum, more 


radiation may actually leave the photosphere. The 
reason for this lies in the fact that the bright areas 


Chromosphere ` 


Photosphere 


Sunspot 


FIGURE 3.16 Various regions of the sun. 
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FIGURE 3.17 The solar corona during a solar eclipse at Pulacoya, 
Bolivia. 


around sunspots (known as faculae) radiate more 
energy as sunspot activity increases. 

Above the photosphere are the chromosphere and 
the corona (see Fig. 3.16). The chromosphere (“color 
sphere”) acts as a boundary between the relatively 
cool (6000°C) photon hans and the much hotter 
sala atmosphere. Dunne a or eclipse, the corona is. 
visible. It appears as a pale, milky cloud encircling the 
sun (Fig. 3.17). Although much hotter than the photo-. 
sphere, the corona radiates much less energy because 
its density is extremely low. This very thin solar atmo- 
sphere extends into space for many mien: of kilo- 
meters. * 

Violent solar activity occasionally occurs in the re- 
gions of sunspots. The most dramatic of these events 
are prominences and flares. Prominences are huge 
cloudlike jets of gas that often shoot up into the corona — 
in the form of an arch. Solar flares are tremendous, but 
brief, eruptions (Fig. 3.18). They emit large quantities 
of high-energy ultraviolet radiation, as well as ener- 
gized charged particles, mainly protons and electrons, 
which stream outward away from the sun at extremely 


*During a solar eclipse or at any other time, you should not look at 
the sun’s corona either with sunglasses or through exposed nega- 
tives. Take this warning seriously. Much of the energy fromthishot ~ 
region is ultraviolet radiation. Viewing the corona directly permits 
large amounts of this radiation to enter the eye, causing serious and 
permanent damage to the retina. View the sun by projecting its 
image onto a sheet of paper, using a telescope or pinhole camera. 
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FIGURE 3.18 A spectacular solar flare spanning more than half a 
million kilometers across the solar surface. i 


high speeds. A huge flare on May 21, 1980, lasted only 
40 minutes but covered more than 5.2 billion km? (2 
billion mi?) of the sun’s surface. 

:An intense solar flare can disturb the earth's mag- 
netic field, producing a so-called magnetic storm. 
Because these storms can intensify the electrical prop- 
erties of the upper atmosphere, they are often respon- 
sible for interruptions in radio and satellite communi-" 
cations. One such storm knocked out electricity 
throughout the province of Quebec, Canada, during 
` March, 1989. 


Earth 


- Bar magnet 


FIGURE 3.19 Magnetic field about a bar magnet and about the earth. 
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mM SOLAR WIND ENERGY 


In the outermost region of the corona, there is a con- ` 
tinuous discharge of particles. With temperatures mil- 
lions of degrees Celsius, gases become stripped of 
electrons by violent collisions and “acquire enough 
speed to escape the gravitational pull of the sun. As 
these charged particles (ions and electrons) travel 
through space, they are known as plasma, or solar 
wind. When the solar wind moves close enough to the 
earth, it interacts with the earth’s magnetic field. 

The magnetic field that surrounds the earth is much 
like the field around an ordinary bar magnet (Fig. 
3.19). Both have north and south magnetic poles, and 
both have invisible lines of force (field lines) that link 
the poles. On the earth, these field lines form closed 
loops as they enter near the magnetic north pole and 
leave near the magnetic south pole. Most scientists be- 
lieve that an electric current coupled with fluid mo- 
tions deep in the earth's hot, molten core are responsi- | 
ble for its magnetic field. This field protects the earth, 
to some degree, from the onslaught of the solar wind. 

Observe in Fig. 3.20 that, when the solar wind en- 
counters the earth’s magnetic field, it severely deforms 
it into a teardrop-shaped cavity known as the mag- 
netosphere. On the side facing the sun, the pressure of 


- the solar wind compresses the field lines. On the op- 
y posite side, the magnetosphere stretches out into 


a long tail—the magnetotail—which reaches far be- 
yond the moon’s orbit. In a way, the magnetosphere 
acts as an obstacle to the solar wind by causing some of 
its particles to flow around the earth. 

Inside the earth’s magnetosphere are ionized gases. 
Some of these gases are solar wind particles, while 
others are ions from the earth’s upper atmosphere that 
have moved upward along electric field lines into the 
magnetosphere. | 

Normally, the solar wind approaches the earth at an 
average speed of 400 km (250 mi) per second. How- 


- ever, during periods of high solar activity (many sun- 


spots and flares), the solar wind is more dense, travels 
much faster, and carries more' energy. When these 
energized solar particles reach the earth, they cause a 
variety of effects, such as changing the shape of the 
magnetosphere and producing auroral displays. 


SOLAR ENERGY AND THE AURORA The aurora is not re- 
flected light from the polar ice fields, nor is it light 
from demons’ lanterns as they search for lost souls. 


SUN 


FIGURE 3.20 The solar wind distorts the shape of the earth's 
magnetic field and produces the magnetosphere. 


The aurora is produced by the solar wind disturbing 
the magnetosphere. The disturbance involves high- 


energy particles within the magnetosphere being - 


ejected into the earth’s upper atmosphere, where they 
excite atoms and molecules. The excited atmospheric 


gases emit visible radiation, which causes the sky to 


glow like aneon light. Let’s examine this process more 
closely. | i 
A high-energy particle from the magnetosphere 
will, upon colliding with an-air molecule (or atom), 
transfer some of its energy to the molecule. The mole- 


Light 
(photon) 


Charged particle 


Pos A 
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Magnetotail 


Magnetic field lines 


Earth 


Trapped particles 


cule then becomes excited (Fig. 3.21). Just as excited 
football fans leap up when their favorite team scores 
the winning touchdown, electrons in an excited mole- 
cule jump into a higher energy level as they orbit its 
center. As the fans sit down after all the excitement is 
over, so electrons quickly return to their lower level. 
When molecules de-excite, they release the energy 
originally received from the energetic particle, either 
all at once (one big jump), or in steps (several smaller 
jumps). This emitted energy is given up as radiation. If 
its wavelength is in the visible range, we see it as visi- 


ae FIGURE 3.21 When an excited atom, ion, or molecule 
NS de-excites, it can emit visible light. The electron in its normal 


1 

\ orbit (a) becomes excited by a charged particle and (b) jumps 
into a higher energy level. When the electron returns to its 
normal orbit it (c) emits a photon of light. 
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Aurora belt 


FIGURE 3.22 The aurora belt represents the region where you would 
be able to see an aurora on most clear nights. (The dashed lines 
represent the average number of nights per year on which you might 
see an aurora if the sky were clear.) i 
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ble light. In the Northern Hemisphere, we call this 
light show the aurora borealis, or northern lights; its 
counterpart in the Southern Hemisphere is the aurora 
australis, or southern lights. SS 
Since each atmospheric gas has its own setof energy 
levels, each gas has its own characteristic color. For 
example, the de-excitation of atomic oxygen at alti- 
tudes between 100 to 150 km emits green light. At 
higher altitudes near 250 km, atomic Oxygen produces 
red light. Molecular nitrogen gives off red and violet 
light. The shades of these colors can be spectacular as 
they brighten and fade, sometimes in the form of wav- 
ing draperies, sometimes as unmoving, yet flickering, 
arcs and soft coronas. On aclear, quiet night the aurora 
is an eerie yet beautiful spectacle. (See the chapter 
opening photograph.) | 
The aurora is most frequently seen in polar lati- 
tudes. Energetic particles trapped in the magneto- 
sphere move along the earth's magnetic field lines. Be- 
cause these lines emerge from the earth near the 
magnetic poles, it is here that the particles interact 
with atmospheric gases to produce an aurora. Notice 


FIGURE 3.23. Aurora australis, the southem lights, photographed between Antarctica and Australia l 


by space shuttle astronauts. 


in Fig. 3.22 that the zone of most frequent auroral 
sightings (aurora belt) is not at the magnetic pole, but 
equatorward of it, where the field lines emerge from. 
the earth’s surface. At lower latitudes, where the field 
lines are oriented almost horizontal to the earth’s sur- 
face, the chances of seeing an aurora diminish rapidly. 

On rare occasions, however, the aurora is seen in the 
southern United States. Such sightings happen only 
when the sun is very active—as giant flares hurl elec- 
trons and protons earthward at a fantastic rate. These 
particles move so fast that some of them penetrate un- 
usually deep into the earth’s magnetic field before 
they are trapped by it. In a process not fully under- 
stood, particles from the magnetosphere are acceler- 
ated toward the earth along electrical field lines that 
parallel the magnetic field lines. The acceleration of 
these particles gives them sufficient energy so that 
when they enter the upper atmosphere they are capa- 
ble of producing an auroral display much farther 
south than usual.. 
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How high above the earth is the aurora? The exact 
height appears to vary. The base of an aurora is rarely — 
lower than 80 km (50 mi), and it averages about 105 km 
(65 mi). Since the light of an aurora gradually fades, it 
is difficult to define an exact upper limit. Most au- 
roras, however, are observed below 200 km (124 mi). 

In summary, energy for the aurora comes from the 
solar wind, which disturbs the earth’s nagnetosphere. 
This disturbance causes Lada f Basticles to enter 
the upper atmosphere, where they collide with atoms 
and molecules. The atmospheric gases become ex- 
cited and emit energy in the form of visible light. - 

But there is other light coming from the atmo- 
sphere—a faint glow at night much weaker than the 
aurora. This feeble luminescence, called airglow, is - 
detected at all latitudes and shows no correlation with 
solar wind activity. Apparently, this light comes from 
ionized oxygen and nitrogen and other gases that have - 
las excited by solar radiation. 


In this chapter, we have seen how the concepts of heat 
and temperature differ and how heat is transferred in 
our environment. We learned that latent heat is an im- 
portant source of atmospheric heat energy. We also 
learned that conduction, the transfer of heat by molec- 
ular collisions, is most effective in solids. Because air 
is a poor heat conductor, conduction in the atmo- 
sphere is only important in the shallow layer of air in 
contact with the earth’s surface. A more important 
process of atmospheric heat transfer is convection, 
which involves the mass movement of air (or any 
fluid) with its energy from one region to another. 
Another significant heat transfer process is radia- 
tion—the transfer of energy by means of electromag- 
netic waves. 

The hot sun emits most of its radiation as shortwave 
radiation. A portion of this energy heats the earth, and 


the earth, in turn, warms the air above. The cool earth 
emits most of its radiation as longwave infrared radia- 
tion. Selective absorbers in the atmosphere, such as 
water vapor and carbon dioxide, absorb some of the 
earth’s infrared radiation and reradiate a portion of it 
back to the surface, where it warms the surface, pro- 
ducing the atmospheric greenhouse effect. Because ~ 
clouds are both good absorbers and good emitters of 
infrared radiation, they keep calm, cloudy nights 
warmer than calm, clear nights. The average equilib- 
rium temperature of the earth and the atmosphere re- 


- mains fairly constant from one year to the next be- 


cause the amount of energy they absorb each met is 
equal to the amount of energy they lose. 

Finally, we examined the sun and how its energy in 
the form of solar wind particles interacts with our at- | 
mosphere to produce auroral displays. 
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KEY FERME 


. The olle ime are listed i in the diiler they appear 
in the text. Define each. Doing so will aid you in re- 


viewing the material covered in this chapter. 


energy ultraviolet radiation 
potential energy _ infrared radiation 
heat . photon . 
heat capacity — black body de 

- specific heat _ radiative equilibrium. 
latent heat temperature. 
sensible heat selective absorber 
conduction Kirchhoff’s law . 
convection _ atmospheric window. 
thermals greenhouse effect 
advection -atmospheric greenhouse effect 


- radiant energy (radiation) reflection 


electromagnetic waves scattering 
wavelength albedo- 
micrometers sunspots 
longwave radiation solar wind 
shortwave radiation aurora borealis 


visible region ' aurora australis 


E QUESTIONS FOR REVIEW 


1. Distinguish between temperature and heat. _ 

2. Describe some of the transformations energy goes 
through as water evaporates from the ocean. 

3. Explain how heat is transferred by 

(a) conduction, (b) convection, and (c) radiation. 

4. How is latent heat an important source of atmo- 
spheric energy? 

5. In the study of meteorology, how does advection 
. differ from convection? 

| 6., How does the temperature of an object influence 

-the radiation that it emits? 


7. How does the amount of radiation SAE by the 


earth differ from that emitted by the sun? 

8. How do the wavelengths of most of the radiation 
emitted by the sun differ from those emitted by the 
surface of the earth? 

9. Which photon carries the most energy—infrared, 
visible, or ultraviolet? 


10. When a body reaches a radiative equilibrium tem- 

_ perature, what is taking place? 

11. If the earth’s surface continually radiates energy, 
why doesn’t it become colder and colder? 

12. Why are carbon dioxide and water vapor called 
selective absorbers? 

13. Explain how the earth’s atmospheric greenhouse 
effect works. 

14. What gases appear to be res vopsible for the en- 
hancement of the earth’s greenhouse effect? 

15. Why do some computer models predict that the 
earth’s average surface temperature might in- 
crease between 2° and 5°C during the next cen- 

‘tury? 

16. Why does the albedo of the earth and its atmo- 
sphere average about 30 percent? 

17. Explain how the atmosphere near the earth’s sur- 

- face is warmed from below, 

18. What is the solar wind? How does it form? 

19. Why is the magnetosphere thousands of kilome- 
ters above the earth’s surface important to the 
plant and animal life at the surface? 

20. Energy is transferred by conduction, convection, 
and radiation. Having read this chapter, name 
another method. 

21. Explain how the aurora is produced. 


E QUESTIONS FOR THOUGHT 


OL Explain why the bridge in the diagram is the first to 


become icy. 


CAUTION I A YE 
>| BRIDGE FR 
"| BEFORE ROAD. 


2. Explain why the first snowfall of the winter usu- 
ally “sticks” better to tree branches than to bare 
ground. 


. At night, why do materials that are poor heat con- 


ductors cool to temperatures less than the sur- 
rounding air? 


. Explain how ice can form on puddles (in shaded 


areas) when the temperature above and below the 
puddle is slightly above freezing. 


. In northern latitudes, the oceans are warmer in 


summer than they are in winter. In which season 
do the oceans lose heat most rapidly to the atmo- 
sphere by conduction? Explain. 


. How is heat transferred away from the surface of 


- the moon? (Hint: The moon has no atmosphere.) 


10. 


11. 


12. 


13. 


14. 


. Why is ultraviolet radiation more successful in 
- dislodging electrons from air atoms and molecules 


than is visible radiation? 


. Why must you stand closer to a small fire to experi- 


ence the same warmth you get when standing 
further away from a large fire? 


. Imagine you are a photon of infrared radiation that 
has just been emitted from the earth. Describe your . 


journey as you travel into the earth's atmosphere 
on a cloudy night. 

Which will show the greatest increase in tempera- 
ture when illuminated with direct sunlight: a 
plowed field or a blanket of snow? Explain. 


Why does the surface temperature often increase 


on a clear, calm night as a low cloud moves over- 
head? 

If the amount of cloud cover around the eal, were 
to increase sharply, what effect might this have on 
the earth-atmosphere energy balance? 

Explain why an increase in cloud cover utronnd 
ing the earth would increase the earth's albedo, yet 


not necessarily lead to a lower earth surface tem- 


perature. 

If all of the greenhouse gases were removed from 
the earth's atmosphere, how would this influence 
the earth's average temperature? Explain. 
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15. Why is it that auroral displays that can be seen . 
- in Colorado can be forecasted several days in 


advance? 


16. Why does the aurora usually occur more fre- 


quently above Maine than above Washington 
State? 


E PROBLEMS AND EXERCISES 


1. Suppose that 500 g of water vapor condense to 


make a cloud about the size of an average room. If 
we assume that the latent heat of condensation is 
600 cal/g, how much heat would be released to the 
air? If the total mass of air before condensation is 
100 kg, how much warmer would the air be after- 
condensation? Assume that the air is not undergo- 
ing any pressure changes. (Hint: Use the specific © 
heat of airin Table 3.1, p. 53.) 


. Suppose planet A is exactly twice the size (in sur- 


face area) of planet B. If both planets have the same 
exact surface temperature (1500 K), which planet 
would be emitting the most radiation? Determine 
the wavelength of maximum energy emission of 
both planets, using Wien’s law. 


. Suppose, in question 2, the temperature of planet B 


doubles. (a) What would be its wavelength of 
maximum energy emission? (b) In what region of 
the electromagnetic spectrum would this wave- 
length be found? (c) If the temperature of planet A 
remained the same, determine which planet (A or 
B) would now be emitting the most radiation (use 
the Stefan-Boltzmann relationship). Explain your 
answer. | 


. Shorter days and longer nights (created by a tilted earth revolving about the sun) promote 
cooler weather, hazy days, and a hint of autumn. (Photo by author) 
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TEMPERATURES 


... The sun doesn't rise or fall: it doesn’t move, it just sits there, 
and we rotate in front of it. Dawn means that we are rotating 
around into sight of it, while dusk means we have tumed 
another 180 degrees and are being carried into the shadow 
zone. The sun never “goes away from the sky.” It's still there 
sharing the same sky with us; it’s simply that there is a chunk of 
opaque earth between us and the sun which prevents our 
seeing it. Everyone knows that, but | really see it now. Nolonger 
do| drive down a highway and wish the blinding sun would set; 
instead | wish we could speed up our rotation a bit and di 
around into the shadows more quickly. 


Michael Collins, Carrying the Fire 


As you sit quietly reading this book, you are part of a 
moving experience. The earth is speeding around the 
sun at thousands of kilometers per hour while, at the 
same time, it is spinning on its axis. When we look 
down upon the North Pole, we see that the direction of 
spin is counterclockwise, meaning that we are moving 
toward the east at hundreds of kilometers per hour. 
We normally don't think of it in that way, but, of 


course, this is what causes the sun, moon, and stars to 


rise in the east and set in the west. It is these motions 


.coupled with the fact that the earth is tilted on its axis 


that causes our seasons. Therefore, we will begin this 
chapter by examining how the earth's motions and the 
sun's energy work together to produce temperature 
variations on a seasonal basis. Later, we will examine 
temperature variations on a daily basis. 
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| ee 
elliptical path: (not quite a-circlo) in slightly- longer 


As the earth revolves around 


the sun, it spins on its own axis, completing one spin : 
in 24 hours (one day). A 
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FIGURE 4.1 The elliptical path (highly exaggerated) of the earth about 
the sun brings the earth slightly closer to the sun in January than in July. 


11). Be-: 
_ Cause the earth’s orbit is an ellipse instead of a circle, 
the actual distance from the earth to the sun varies: 
- during the year. The earth comes closer to the sun i 
January (147 million km) than it does in July (152 mil-. 
lion km). (See Fig. 4.1.) From this we might conclude 
that our warmest weather should occur in January and 
our coldest weather in July. But, in the Northern 
Hemisphere, we normally experience cold weather in 
- January when we are closer to the sun and warm 
_ weather in July when we are farther away. If nearness 
to the sun were the primary cause of the seasons then, 
indeed, January would be warmer than July. However, 
nearness to the sun is only a small part of the story. 
Our seasons are regulated by the amount of solar” 
ergy received at the earth’s surface. This amount is 
mined primarily by the angle at which sunlight 
strikes the surface, and by how long the sun shines o: 
any latitude (daylight hours). Let's look more closely 
at these factors. ` "Y LLN. 


i 


A 


/ 


| 


Radiation that strikes the earth’s surface perpen- 
dicularly (directly) is much more intense than radia- 
tion that strikes the same surface atan angle. Think of 
shining a flashlight straight ata wall —you geta small, 
circular spot of light (Fig. 4.2). Now, tip the flashlight 


_ and notice how the spot of light spreads over a larger 


area. The same principle holds for sunlight. Radiation 


striking the earth at an angle spreads outand must heat 


a larger region than radiation impinging directly on 
the earth. Everything else being equal, an area experi- 
encing more direct solar rays will receive more heat 
than the same size area being struck by sunlight at an 
angle. In addition, the more the sun’s rays are slanted 
from the perpendicular, the more atmosphere they 
must penetrate. And the more atmosphere they pene- 
trate, the more they can be scattered and absorbed (at- 
tenuated). As a consequence, when the sun is high in 
the sky, it can heat the ground to a much higher tem- 
perature than when it is low on the horizon. 
' second important factor determining how 
warm the earth’s surface becomes is the length of time 
the sun shines each day. Longer daylight hours, of 
course, mean that more energy is available from sun- 
light. In a given location, more solar energy reaches 
the earth’s surface on a clear, long day than on a day 
that is clear but much shorter. Hence, more surface 
heating takes place. 
From a casual observation, we know that summer - 

days have more daylight hours than winter days. Also, 
the noontime summer sun is higher in the sky than is 
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FIGURE 4.2 Radiation that strikes a surface at an angle is spread over a larger area than radiation 
that strikes the surface directly. Oblique sun rays deliver less energy (are less intense) to a surface 


than direct sun rays. 
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FIGURE 4.3 As the earth revolves about | 232° 

the sun, it is tilted on its axis by an angle of 

23'2°. The earth's axis always points to the North Pole | Normal 
same area in space (as viewed from a distant i 1 06%° 
star). Thus, in June, when the Northern . DA 
Hemisphere is tipped toward the sun, more J 


direct sunlight and long hours of daylight * hi. 
cause warmer weather than in December, cit er 23 


when the Northern Hemisphere is tipped 
away from the sun. (Diagram, of course, is 
not to scale.) 


Winter 
solstice, 
December 22 


equinox 
March 21 


| th of these events occur 
because our spinning planet is inclined on its axis 
(tilted) as its as it revolves around the sun. As Fig. 4.3 illus- 
trates, the the angle of tilt is 234” from the perpendicular 
drawn to the plane of the earth’s orbit. The earth’s axis 
points to the same direction in space all year long; 
thus, the Northern Hemisphere is tilted toward the 
sun in summer (June), and away from the sun in 
winter (December). (If you have ever wondered what 
the “official” first day of a season really is, you may 
wish to read the Focus section on p. 82.) 


SEASONS IN THE BOR TEES HEMISPHERE Let's first 
discuss the warm summer season. Note (Fig. 4.3) that, 
n half of the world is directed 


ES 


: Earth's orbit 
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Summer / 


solstice, 
June 22 


ends Fig. 1 3 Pee end notice that, as the earth 
spins on its axis, the side facing the sun is in sunshine 
and the other side is in darkness. Thus, half of the 
globe is always illuminated. If the earth’s axis were not 
tilted, the noonday sun would always be directly over- 
head at the equator, and there would be 12 hours of 
daylight and 12 hours of darkness at each latitude 
every day of the year. However, the earth is tilted. 
Since the Northern Hemisphere faces towards the sun 
on June 22, each latitude in the Northern Hemisphere 
will have more than 12 hours of daylight. The farther 


* As we will see later in this chapter, the seasons are reversed in the 


Southern Hemisphere. Hence, in the Southern Hemisphere, this 
same day is the winter solstice, or the astronomical first day of 
winter. 


_ FOCUS ON AN ISSUE 
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IS DECEMBER 22 REALLY THE FIRST DAY OF WINTER? £L 


On December 22 (or 21, depending on 
the year) after nearly a month of cold - 


- weather, and perhaps a snowstorm or 


two, someone on the radio or TV has the 
audacity to proclaim that “today is the first 
official day of winter.” If during the last 
several weeks it was not winter, then what 
season was it? 

Actually, December 22 marks the 
astronomical first day of winter in the 
_ Northern Hemisphere (NH), just as June 
22 marks the astronomical first day of 
summer (NH). The earth is tilted on its axis 
by 23%” as it revolves around the sun. 
This fact causes the sun (as we view it 
from earth) to move in the sky from a point 
. Where it is directly above 23? South 


latitude on December 22, to a point where 
itis directly above 231" North latitude on 
June 22. The astronomical first day of ' 
spring (NH) occurs around March 21 as 
the sun crosses the equator moving 
northward and, likewise, the astronomical 
first day of autumn (NH) occurs around 
September 23 as the sun crosses the 


_@quator moving southward. 


In the middle latitudes, summer is 


‘defined as the warmest season and 


winter the coldest season. If the year is 
divided into four seasons with each = 
season consisting of three months, then 


the meteorological definition of summer _ 


over much of the Northern Hemisphere 
would be the three warmest months of 


FIGURE 4.4 | Land of the Midnight Sun. These eight exposures of the sun were A in Ara 
Greenland (latitude 78°N) during late uy) between about 11:00 p.m. and 1:00 A.M. in the morning. 


June, July, and August. Winter would be 
the three coldest months of December, 
January, and February. Autumn would be 
September, October, and November— 
the transition between summer and 


_ winter. And spring would be March, April, 


and May—the transition between winter 
and summer. 

So, the next time you hear someone 
remark on December 22 that “winter 
officially begins today,” remember that 
this is the astronomical definition of the 
first day of winter. According to the 
meteorological definition, winter has been 
around for several weeks. 


plight hours. When 
reach the 1), daylight lasts for 

24 = Look at Fig. 4.3 hoe ST: how the region 
above 6612°N never gets into the “shadow” zone as the 
earth spins. At the North Pole, the sun actually rises 
above the horizon on March 21 and has six months 
until it sets on September 23. No wonder this region is 
called the “Land of the Midnight Sun”! (See Fig. 4.4.) 
Do longer days near polar latitudes mean that the 
highest daytime summer temperatures are experi- 
enced there? Not really. Everyone knows that New 
York City (41°N) “enjoys” much hotter summer 
weather than Barrow, Alaska (71°N). The days in Bar- 
row are much longer, so why i isn ’t Barrow Senne To 


radiation ala insolation) on June 22. Figure 4.5 
shows two curves: The upper curve epesi the av- 


mosphere on June 22: the! bo caer curve shows the av- 
erage amount of radiation that eventually reaches the 
earth’s surface on the same day. — 

The upper curve increases from the equator to the ` 
pole. This increase indicates that, during the entire 
day of June 22, more solar radiation reaches the top of 
the earth’s atmosphere above the poles than above the 
equator. True, the sun shines on these polar latitudes 
at a relatively large angle, but it does so for 24 hours, 
causing the maximum to occur there. The lower curve 


shows that the amount of solar radiation eventually - 
reaching the earth’s surface on DS ei s 


near 30°N. From there, the amount of inso tion reach- 


Top of 
- atmosphere 


Earths 
surface 


Insolation (cal/cm?/day) 
E : 
O 
ro) 


0 15 30 45 60 75 90 
Equator Latitude (°N) North Pole 
FIGURE4.5 Theaverage amount of radiant energy received at the top 
of the earth's atmosphere and at the earth's surface on June 22—the 
summer solstice. 
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Upper limit of is E 
atmosphere 


FIGURE 4.6 During the Northern Hemisphere summer, sunlight that 
reaches the earth's surface in far northern latitudes has passed through 
a thicker layer of absorbing, scattering, and reflecting atmosphere than 
sunlight that reaches the earth's surface farther south. l 


ing the ground decreases as we move poleward. a 
are the two curves so different? 
Above the earth’s atmosphere, essentially noting 
interferes with the sunlight streaming earthward. 
Solar energy received on a surface perpendicular to - 
the sun’s rays at the top of the atmosphere appears to 
stay fairly constant at nearly two calories on each 
square centimeter each minute (2 cal/cm?/min). This 
value, called the solar constant,* is enough energy to 
raise the temperature of one gram of water about 2°C 


each minute. 


Once sunlight enters the O however, ane 
‘dust and air molecules scatter it, clouds reflect it, and 
some of it is absorbed by atmospheric gases. What re- 
mains reaches the surface. Generally, the greater the 
thickness of atmosphere that sunlight must penetrate, 
the greater are the chances that it will be either scat- 
tered, reflected, or absorbed by the atmosphere. Dur- 
ing the summer in far northern latitudes, the sun is. 
never very high above the horizon, so its radiant 
energy must pass through a thick portion of atmo- 
sphere before it reaches the earth's surface (Fig. 4.6). 


*By definition, the solar constant (which, in actuality, is not “con- 
stant”) is the rate at which radiant energy from the sun is received 
on a surface at the outer edge of the atmosphere perpendicular to 
the sun's rays when the earth is atan average distance from the sun. 
Recent satellite measurements from the Earth Radiation Budget 
Satellite suggest the solar constant is about 1.96 cal/cm?/min, or be- 
tween 1365 W/m? and 1372 W/m? in the SI system of measurement. 
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And because of the increased cloud cover durin £ 
arctic summer, much of the sunlight is reflected bef 
it reaches the ground. l | 
Solar energy that eventually reaches the surface in 
the far north does not heat the surface effectively. A 
portion of the sun's energy is reflected by ice and 
snow, while some of it melts frozen soil. The amount 
actually absorbed is spread over adarge area. So, even 
though northern cities, such as Barrow, experience 24 
“hours of continuous sunlight on June 22, they are not 
: warmer than cities farther south. Overall, they receive 
less radiation at the surface, and what radiation they 
do receive does not effectively heat the surface. 
In our discussion of Fig; 4.5, we saw that, on June 22, 
solar energy incident on the earth’s surface is maxi- 
mum near latitude 30°N. On this day, the sun is shin- 


ing directly above latitude 2314°N. Why, then, isn’t the ~ 


most sunlight received here? A quick look at a world 
map shows that the major deserts of the world are cen- 
tered near 30°N. Cloudless skies and drier air pre- 
dominate near this latitude. At latitude 2314°N, the cli- 
mate is more moist and cloudy, causing more sunlight 
_ to be scattered and reflected before reaching the sur- 


face. In addition, day length is longer at 30°N than at. 


2372°N on June 22. For these reasons, more radiation 
falls on 30°N latitude than at the Tropic of Cancer 


in the sky. Summer days the Northern Hemi 
egin to shorten. June eventually gives way to.Sep- 


11 1 
4 Aid 


tember, and fall begins. 


sphere 


FALLWEATHER Look at Fig. 4.3 again and notice that, 


tember 23, the earth will have move diso that 


the sun is directly above the equator. t the 
poles, the days and nights throughout the [are of 


equal length. Th s called the autumnal (fall) 
> and it marks the astronomical beginning of 
all in the Northern H phere. At the North Pole, 


the sun appears on the horizon for 24 hours, due to the 
bending of light by the atmosphere. The following day 
(or at least within several days), the sun disappears 
from view, not to rise again for a long, cold six months. 
Throughout the northern half of the world on each 
successive day, there are fewer hours of daylight, and 
the noon sun is slightly lower in the sky. Less direct 
sunlight and shorter hours of daylight spell cooler 
weather for the Northern Hemisphere. Reduced radia- 
tion, lower air temperatures, and cooling breezes 
stimulate the beautiful pageantry of fall colors. (Does 
the first frost cause the beautiful colors? If you would 
like to know, read the Focus section on p. 85. 


In some years around the midd autumn, there is 
1 unseasonably warm spell, especially in the eastern 
o States. This warm period, re- 


wo-third he Unite 
a EEE mir may last from several — 
ys up to a week or more. It usually occurs when a 


| ee 


- large high pressure area stalls near the southeast coast. 


The clockwise flow of air around this system moves 
warm air from the Gulf of Mexico into the central or 
eastern half of the nation. The warm, gentle breezes 
and smoke from a variety of sources respectively 
make for mild, hazy days. The warm weather ends ab- 


- . Tuptly when an outbreak of polar air reminds us that 
‘winter is not far away. 


COLD WINTERS" On Decem 
the autumnal equinox), the No: 
tilted as far away from the sunas it will be all year. (See 
Fig. 4.3.) Nights are long and days are short. Notice in 


Table 4.1 that daylight decreases from 12 hours at the 


*The origin of the term is uncertain, as it dates back to the 
eighteenth century. It may have originally referred to the good 
weather that allowed the Indians time to harvest their crops. Nor- ` 
mally, a period of cool autumn weather must precede the warm 
weather period to be called Indian summer. 


Contrary to what many people believe, itis. 
not the first frost that causes the leaves of 
deciduous trees to change color. The 
colors are actually in the leaves during the 
summer, but we do not see them because 
the green pigments—known as 
chlorophylis—are far more dominant. 

Chlorophylls absorb and use the 
energy of red and violet wavelengths of. 

- sunlight to manufacture the simple sugars 
and starches that trees use as food. Most 
of the green wavelengths are not 
absorbed; instead, they are reflected. 
This, of course, causes the leaf to appear 
green. 

The leaves remain green as long as the 
tree is able to replenish the chlorophylls it 
uses up. About several weeks before the 
first frost, however, a chemical change 
begins in the leaf, as shorter days and 
cooler nights cause leaf activity to 
diminish. As the chlorophylls decrease, ' 
the green slowly disappears. Other 
pigments, such as the yellow and orange 
carotenoid, which were hidden by the 


“green of the leaf, now begin to show (See Fig. 1.) 


northern half of the world, the sun is at its lowest posi- 
tion in the noon sky. Its rays pass through a thick sec- 
tion of atmosphere and spread over a large area on the 
surface. Notice in Fig. 4.7 that on the average in the 
Northern Hemisphere, little, if any, solar energy 
reaches the earth’s surface at high latitudes. With 
shorter days and less intense sunlight, we find our- 
selves bundled up for the cold winter. 
With so little incident sunlight, the earth’s surface 
cools quickly. A blanket of clean snow covering the 
ground aids in the cooling. The snow reflects much of 
the sunlight that reaches the surface and continually 
radiates away infrared energy during the long nights. 
In northern Canada and Alaska, the arctic air rapidly 
becomes extremely cold as it lies poised, ready to do 
battle with the milder air to the south. Periodically, 
“this cold arctic air pushes down into the northern 


through. Additionally, the cooler weather 
stimulates the manufacture of other 
pigments, such as the anthocyanins, 
which tum the leaves red or purple. The » 
combination of these pigments can 
produce a fiery display of autumn color. 
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FIGURE 1 The pageantry of fall colors along a country road in Vermont. 


The weather most suitable for an 
impressive display of fall colors is warm, 
sunny days followed by clear, cool nights, 
with temperatures dropping below 7°C 
(45°F), but remaining above freezing. 


United States, producing a rapid drop in temperature 
called a cold wave, which occasionally reaches far 
into the south during the winter. On January 19, 1977, 
cold air from northern Canada even penetrated into 
southern Florida, and for the first time in recorded his- 
tory, it snowed in Miami! 

On each winter day after De 
climbs a bit higher in the midday sky. The period si 
daylight grow longer until days and nights are of equal 
length, and we anit ane another equinox. 


SPRING—NEW BEGINNINGS The date of March 21, 
which marks the astronomical arrival of spring, is 
called the vernal (spring) equinox. At this equinox, 
the noonday sun is shining directly on the equator, 
while, at the North Pole, the sun (after hiding for six 
months) peeks above the horizon. Longer days and 


© 
© 


CHAPTER 4 SEASONAL AND DAILY TEMPERATURES 


E 

Y 

E 

3 

la] 

2 

g 

O 

pal 

Oo 

9. Y E el er fs 

E SIS 1.600 45 8305 5 | Oy AO O 
South pole Equator North pole 

Latitude (°S) Latitude (°N) 


FIGURE 4.7 The average amount of solar energy received at the 
earth's surface on December 22—the winter solstice. 


more direct solar radiation spell warmer weather for 
the northern world. | 

Three months after the vernal equinox, it is June 
again. The Northern Hemisphere is tilted toward the 
sun, which shines high in the noonday sky. The days 
have grown longer and warmer, and another summer 
-season has begun. vow 4 


In summary, the seasons are controlled by solar 
energy striking our tilted planet, as it makes its annual : 


voyage about its star. This tilt of the earth causes a sea- 

sonal variation in both the length of daylight and the 
intensity of sunlight that reaches the surface. Because 
of these facts, high latitudes tend to lose more energy 
to space each year than they receive from the sun, 


while low latitudes tend to gain more energy during — 


the course of a year than they lose. Does this mean that, 
on each successive year, high latitudes grow colder 


and low latitudes warmer?(For the answer,read the 


Focus section on p. 88.) 


SEASONS IN THE SOUTHERN HEMISPHERE On June 22). 


the Southern Hemisphere is adjusting to an entirely 
different season. Because this part of the world is now 
_ tilted away from are | 


ast nical beginning of winter in- 
the Southern Hemisphere. In this part of the world, 
summer will not “officially” begin until the sun is over 
the Tropic of Capricorn (231/2°S)—remember that this. 
occurs on December 22. So, when it is winter and June 
in the Southern Hemisphere, it is summer and June in 
the Northern Hemisphere. If you are tired of the hot 


1e sun, nights are long, days ar 
ays come in at an angle. All of the so 
atures fai . The June s - 


June weather in your Northern Hemisphere city, travel 


‘to the winter half of the world and enjoy the cooler 


weather. The tilt of the earth as it revolves around the 
sun makes all this possible. 

We know the earth comes nearer to the sun in Janu- 
ary than in July. Even though this difference in dis- 
tance amounts to only about 3 percent, the energy that 
strikes the top of the earth’s atmosphere is almost 7 
percent greater on January 3 than on July 4. These 
statistics might lead us to believe that summer should 
be warmer in the Southern Hemisphere than in the 
Northern Hemisphere, which, however, is not the 
case. A close examination of the Southern Hemi- 
sphere reveals that nearly 81 percent of the surface is G 
water compared to 61 percent in the Northern Hemi- _ 


sphere. The ql r energy due to the closeness of 
the sun is absorbed by large bodies of water, becoming 


well mixed and circulated within them. This keeps 


the average summer (January) temperatures in the 
Southern Hemisphere cooler than summer (July) tem- 
peratures in the Northern Hemisphere. Because of 
water's large heat capacity, it also tends to keep win- 
ters in the Southern Hemisphere warmer than we 


_ might expect.* 


s Another difference between the seasons of the two 
hemispheres concerns their length. Because the earth 
describes an ellipse as itjourneys around the sun, the 
total number of days from the vernal (March 21) to the 


autumnal (September 23) equinox is about 7 days | | 


longer than from the autumnal to vernal equinox (Fig. 
4.8). This means that spring and summer in the North- 
ern Hemisphere not only last about a week longer than 


: “northern fall and winter, but also about a week longer 


than spring and summer in the Southern Hemisphere. 
Hence, the shorter spring and summer of the Southern 
Hemisphere somewhat offset the extra insolation re- 
ceived due to a closer proximity to the sun. 

Up to this point, we have considered the seasons 


on a global scale. We will now shift to more local 


considerations. 


E LOCAL SEASONAL VARIATIONS 


Figure 4.9 shows how the sun’s position changes in 
the middle latitudes of the Northern Hemisphere dur- 


*For.a comparison of January and July temperatures see Figs. 4.19 
and 4.20, pp. 98 and 99. 


ing the course of one year. Note that, during the 
winter, the sun rises in the southeast and sets in a 
southwest. During the summer, it rises in the north- 

east, reaches a much higher po position in the sky at 
noon, and sets in the northwest. Clearly, objects facing 
south will receive more sunlight during a year than 


those facing north. This fact becomes strikingly appar- . 


ent in hilly or mountainous country. 


Hills that face south receive more sunshine and, 


hence, become warmer than the partially shielded 
north-facing hills. Higher temperatures usually mean 
greater rates of evaporation and slightly drier soil con- 
ditions. Thus, south-facing hillsides are usually 
warmer and drier as compared to north-facing slopes 
at the same elevation: In many areas of the far west, 


only sparse vegetation grows on south-facing slopes, . 


while, on the same hill, dense vegetation grows on the 
cool, moist hills that face north. (See Fig. 4.10.) If you 
drive west from Denver, Colorado, into the mountains, 
you will find a sparse covering of heat-tolerant juniper 
and ponderosa pines on the south-facing side of the 
road. Just across the road are spruce and fir, which re- 
quire cooler, moister growing conditions. In northern 
latitudes, hillsides that face south usually have a 
longer growing season. Winemakers in western New 
York State do not plant grapes on the north side of 
hills. Grapes from vines grown on the warmer south 
side make better wine. 


Because air temperature usually decréases with s 
height, trees found on the cooler north -facing side of 


mountains are often those that normally grow at 
higher elevations. On the other hand, the warmer 
south-facing side of a mountain often supports species 
normally found at lower elevations. Near 750 m (2500 


ft) in the central Sierra Nevada of California, it is com- 


mon to see digger pines (which normally grow at 
lower altitudes) clustered on south-facing hills. Just 
around the corner on the north-facing side of the same 
hill, incense cedar and sugar pines (both of which usu- 
ally grow at higher altitudes) may be seen. (See Fig. 
ye GEN 
In the mountains, snow usually lingers on the 
ground for a longer time on north slopes than on the 
: warmer south slopes. For this reason, skiruns are built 
facing north wherever possible. Also, homes and 
cabins built on the north side of a hill usually have a 
steep pitched roof, as well as a reinforced deck to with- 
stand the added weight of snow from successive 
winter storms. 
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FIGURE 4.8 Because the earth travels more slowly when it is farther ` 
from the sun, it takes the earth a little more than 7 days longer to travel 
from March 21 to September 23 than from September 23 to March 21. 


The season change in the sun’s position duringthe _ 
year can have an effect on the vegetation around the — 
home. In winter, a large two-story home can shade its 
own north side, keeping it much cooler than its south 
side. Trees that require warm, sunny weather should 
be planted on the south side, where sunlight reflected 
from the house can even add to the warmth. 

The design of a home can be important in reducing 
heating and cooling costs. Large windows should face 
south, allowing sunshine to penetrate the home in 
winter. To block out excess sunlight during the sum-. 
mer, a small eave or overhang should be built (Fig. 
4,12). A kitchen with windows facing east will let in 
enough warm morning sunlight to help heat this area. 
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FIGURE 4.9 The changing position of the sun, as observed in middle 
latitudes in the Northern Hemisphere. ' 
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CHAPTER 4 SEASONAL AND DAILY TEMPERATURES 


In Chapter 3, we saw that the amount of 
incoming energy averaged over the entire 
„earth each year is roughly equal to the 
amount of outgoing energy. However, 
given the tilt of the earth, this balance is 
` not maintained for each latitude. 
As Fig. 2 shows, high latitudes lose 
. more radiant energy to space each year 
_ than they receive. Low latitudes, on the 
other hand, gain more radiant energy from 
the sun than they return to space through 
infrared energy. Only at middle latitudes 
near 37° does the amount of radiation 
- received each year balance the amount - 
lost. Thus, in one year, high latitudes 
i: experience a net loss in radiant energy, 
` while low latitudes experience a net gain. 
«From this situation, we might conclude. 
- that polar regions are growing colder each 
year, while tropical regions are becoming | 
- warmer. But this obviously does not 
happen. ioe oak 
To compensate for these gains and . 
losses of energy, winds in the atmosphere 
and currents in the oceans circulate warm 
air and water toward the poles, and cold 
air and water toward the equator. In part, 
_ the poleward transfer of heat occurs when 
water vapor evaporates from tropical 
: waters and is carried into high latitudes, ' 
where it condenses, releasing its latent ` 
heat. This process accounts for nearly 30 
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Radiant energy 
in one year 


90 160 


Because the west side warms rapidly in the afternoon, 


rooms having small windows (such as garages) should 


be placed here to act as a thermal buffer. Deciduous 
trees planted on the west side of a home provide shade 
in the summer. In winter, they drop their leaves, al- 
lowing the winter sunshine to warm the house. If you 
like the bedroom slightly cooler than the rest of the 


home, face it toward the north. Let nature help with 


the heating and air conditioning. Proper house design, 


Balance 
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FIGURE2 Theaverage annual incoming solar radiation (dashed line) absorbed by the earth 
and the atmosphere along with the average annual infrared radiation (solid line) emitted by the 
earth and the atmosphere. , 


- percent of the heat transported from 
-equatorial to polar regions. 
An additional 30 percent is Carried © 
_ northward in the form of sensible heat by 
winds associated with middle latitude 
cyclones and anticyclones, where on one 
side of each system warm air flows 
northward and on the other side cold air 
_ moves southward. The remaining amount 
~ of heat (over 30 percent) travels poleward 


Latitude ` “South 


by ocean currents. Thus, the transfer of 
heat by atmospheric and oceanic 
circulations prevents low latitudes from 
steadily becoming warmer and high 
latitudes from steadily growing colder. 
These circulations are extremely 
important to weather and climate, and will 
be treated more completely in Chapter 12. 


orientation, and landscaping can help cut the demand 
for electricity, as well as for natural gas and fossil 
fuels, which are rapidly being depleted. 

From our reading of the last several sections, it 
should be apparent that, when solar heating a home, 
proper roof angle is important in capturing much of 
the winter sun’s energy. (The information needed to 
determine the angle at which sunlight will strike a roof 
is given in the Focus section on p. 91.) 


FIGURE 4.10 In areas where small 
temperature changes can cause major 
changes in soil moisture, sparse 
vegetation on the south-facing slopes 
will often contrast with lush vegetation 
on the north-facing slopes. 


lá DAILY TEMPERATURE VARIATIONS 


In a way, each sunny day is like a tiny season as the air 
goes through a daily cycle of warming and cooling. 
The air warms during the morning hours, as the sun 
gradually rises higher in the sky, spreading a blanket 
of heat energy over the ground. The sun reaches its 


tense solar rays! Howe sur 
noontime sul ore warmest oa the day. 
Rather, the air continues to be heated, often reaching a 
maximum temperature later in the afternoon. To find 
out why this lag in temperature occurs, we need to ex- 
amine a shallow layer of air in contact with the: 
ground. 


DAYTIME WARMING As the sun rises in the morning, 
sunlight warms the ground, and the ground warms the 
air in contact with it by conduction. However, air is 
such a poor heat conductor that this process only takes 
place within.a few centimeters of the ground. As the . 
sun rises higher in the sky, the air in contact with the 
ground becomes even warmer, and there exists a ther- 
mal boundary separating the hot surface air from the 
slightly cooler air above. Given their random motion, 
some air molecules will cross this boundary: The 
“hot” molecules below bring greater kinetic energy to 
the cooler air; the “cool” molecules above bring a 
deficit of energy to the hot, surface air. However, on a 
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FIGURE 4.11 In the mountains, the north-facing side of a hill usually 
has trees that typically grow at a higher (cooler) elevation. On the 
south-facing side of the hill, the reverse is observed. 
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FIGURE 4.12 An overhang should be long enough to block out direct 
summer sunlight, yet short enough to allow winter sunlight to enter 
through the window. Eg i 
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windless day, this form of heat exchange is slow, anda 


substantial temperature difference usually exists just 


above the ground. This explains why joggers on a . 


clear, windless, summer afternoon may experience ajr 


temperatures of over 50°C (122°F) at their feet and only 
32°C (90°F) at their waist. ; 


the surface, convection begins, and rising air 


-bubbles (thermals) help to redistribute heat. In calm 
weather, these thermals are small and do not effec- 
tively mix the air near the surface. Thus, large vertical 
temperature gradients are able to exist. On windy 
days, however, turbulent eddies are able to mix hot, 
surface air with the cooler air above. This form of 


. —— ao T = em te 
mechanical stirring, sometimes called forced convec- 


tion, helps the thermals to transfer heat away from the 

- surface more efficiently. Therefore, on windy sunny 

days the molecules near the surface are more quickly 
carried away than on calm, sunny days. Figure 4.13 

shows a typical vertical profile of air temperature on 
windy days and on calm days in summer. l 
We can now see why the warmest part of the day is 


usually in the afternoon. Around noon, the sun’s rays 


E . wl We: E . . 
are most intense. However, even though incoming 
Solar radiation decreases in intensity after noon, it still 
exceeds outgoing heat energy from the surface for a ; 


ma 


time. This yields an energy surplus for two to four 
hours after noon and substantially contributes to alag. , 
between the time of maximum solar heating and the 
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FIGURE 4.13 Vertical temperature profiles above an asphalt surface 
for a windy and a calm summer afternoon. - i 
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E 
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time of maximum air temperature several meters 
above the surface. 

. The exact time of the highest temperature reading 
varies somewhat. Where the summer sky remains: 
cloud-free all afternoon, the maximum temperature 
may occur sometime between 3:00 and 5:00 P.M. 
Where there is afternoon cloudiness or haze, the tem- 
perature maximum occurs an hour or two earlier. In 
Denver, afternoon clouds, which build over the moun- 

tains, drift eastward early in the afternoon. This some- 
times causes the maximum temperature to occur as 
early as noon. Adjacent to large bodies of water, cool 
air moving inland may modify the rhythm of tempera- 
ture change such that the warmest part of the day oc- 
curs at noon or before. In winter, atmospheric storms 
circulating warm air northward can even cause the 
highest temperature to occur at night. 

Just how warm the air becomes depends on such 

‘factors as the type of soil, its moisture content, and 
vegetation cover. When the soil is a poor heat conduc:: 
tor (as loosely packed sand is), heat energy does not 
readily transfer into the ground. This allows the sur- 
face layer to reach a higher temperature, availing more 
energy to warm the air above. On the other hand, if the 
soil is moist or covered with vegetation, much of the 
available energy evaporates water, leaving less to heat: 
the air. As you might expect, the highest summer tem- 
peratures usually occur over desert regions, where 
clear skies coupled with low humidities and meager 
vegetation permit the surface and the air above to 


_ Warm up rapidly. 


here the air is humid, haze and cloudiness lower 


- the maximum temperature by preventing some of the 


sun’s rays from reaching the ground. In humid At- 
lanta, Georgia, the average maximum temperature for 
July is 30.5°C (87°F). In contrast, Phoenix, Arizona— 
in the desert southwest at the same latitude as Atlanta 

average July maximum of 40.5°C . 
(105°F). = 


NIGHTTIME COOLING As the sun lowers, its energy is 
read over a larger ara llich reduces the heat avail- 

arm the ground. Sometime in late afternoon 
or early evening, the earth’s surface and air above 
begin to lose more energy than they receive; hence, 
they start to cool. | 


Both the ground and air above cool by radiating in- 


_frared energy, a process called radiational cooling.” 


The ground, being a much better radiator than air, is 


FOCUS ON AN APPLICATION 
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SOLAR HEATING AND THE NOONDAY SUN 


The amount of solar energy that falls ona 
typical American home each summer day 
is many times the energy needed to heat 
the inside for a year. Thus, many people 
are tuming to the sun asa clean, safe, and 
virtually inexhaustible source of energy. If 
solar collectors are used to heat a home, 
they should be placed on south-facing 
roofs to take maximum advantage of the 
energy provided. The roof itself should be 
constructed as nearly perpendicular to 
winter sun rays as possible. To determine 
the proper roof angle at any latitude, we 
need to know how high the sun will be 
above the southern horizon at noon. 

The noon angle of the sun can be 
calculated in the following manner: 


December 22 


we A 


March 21 q 


Solar collector 
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FIGURE 3 Theroofofasolar-heated home constructed in Denver, Colorado, at an angle of 


45° absorbs the sun's energy in USO at nearly right angles. 


1. Determine the number of degrees 
between your latitude and the latitude 
where the sun is currently directly 
overhead. 

2. Subtract the number you calculated in 
step 1 from 90°. This will give you the 


sun's elevation above the southern 
horizon at noon at your latitude. 


For example, suppose you live in Denver; t 50⁄2 (90° 
Colorado (latitude 391⁄2°N), and the date is 
December 22. The difference between 


able to cool more quickly. Consequently, shortly after 
sunset, the earth’s surface is slightly cooler than the air 
directly above it. The surface air transfers some energy 
to the ground by conduction, which the ground, in 
turn, quickly radiates away. 

As the night progresses, the ground and the air in 
contact with itcontinue to cool more rapidly than the 


air a few meters higher. The warmer upper air does 


transfer some heat downward, a process that is slow 
due to the air’s poor thermal conductivity. Therefore, 
by late night or early morning, the coldest air is found 
next to the ground, with slightly warmer air above. 


This measured increase in air temperature just 


K ua 
above the ground is known as a radiation inversion 


your latitude and where the sun is 

currently overhead is 63° (391⁄2°N to 

23225), so the sun is 27° (90° —63°) . 

mn above the southern horizon at noon. On 

Á March 21 in Denver, the angle of the sun is 

39%"). To determine a 
reasonable roof angle, we must consider 
the average altitude of the midwinter sun 


(about 39° for Denver), building costs, and 
snow loads. Figure 3 illustrates that a roof 
constructed in Denver, Colorado, at an 
angle of 45° will be nearly perpendicular to 
much of the winter sun’s energy. Hence, 
the roofs of solar-heated homes in middle 
latitudes are generally built at an angle 
between 45° and 50°. 


because it forms mainly through radiational cooling of 
the surface. Because radiation inversions occur on 
most clear, calm nights, they are also called nocturnal 
inversions: (More information on radiation inversions 
is cae in de Gente section on p. $ 94. .) 


air iin T the T Even Theat waa often 
rings coldair intoa region, the coldest nights usually 
occur when the air is relatively still. 

Other factors also determine how cold the air be- 
comes. For example, a surface that is wet or covered 
with vegetation can add water vapor to the air, retard- 
ing nighttime cooling. Likewise, if the soil is a good 
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heat conductor, heat ascending toward the surface 
during the night adds warmth to the air, which re- 
stricts cooling. On the other hand, snow covering the 
ground acts as an insulating blanket that prevents heat 
stored in the soil from reaching the air. Snow, a good 
emitter of infrared energy, radiates away energy 
rapidly at night, which helps keep the air temperature 
above a snow surface quite low. . m 
The lowest temperature on any given day is usually 
observed around sunrise. The cooling of the ground 
and surface-air may.even continue beyond sunrise for 
a half hour or so, as outgoing energy exceeds incoming 
energy. This happens because light from the early 
morning sun passes through a thick section of atmo- 
sphere and strikes the ground at a low angle. Conse- 
quently, the sun’s energy does not effectively heat the 
surface. Surface heating may be reduced further when 
the ground is moist and available energy is used for 
-evaporation.' (Any duck hunter lying flat in a marsh 
knows the sudden cooling that occurs as evaporation 
chills the air just after sunrise.) Hence, the lowest tem- 
perature may occur shortly after the sun has risen. 


Cold, heavy surface air slowly drains downhill dur- 


ing the night and eventually settles in low-lying basins 
and valleys. Valley bottoms are thus colder than the 
surrounding hillsides. (See Fig. 4.14.) In middle 


-> 


latitudes, these warmer hillsides, called thermal belts, 


are less likely to experience freezing temperatures 


than the valley below. This encourages farmers to 
plant on hillsides those trees unable to survive the val- 
ley’s low temperature. 

_ On the valley floor, the cold, dense air is unable to 


‘ rise. Smoke and other pollutants trapped in this heavy 


air restrict visibility. Therefore, valley bottoms are not 
only colder, but are also more frequently polluted than 
nearby hillsides. Even when the land is only gently 
sloped, cold air settles into lower-lying areas, such as 
river basins and floodplains. Because the flat flood- 
plains are agriculturally rich areas, cold air drainage 
often forces farmers to seek protection for their crops. 


PROTECTING CROPS FROM THE COLD On cold nights, 
many plants may be damaged by low temperatures. To 
protect small plants or shrubs, cover them with straw, 
cloth, or plastic sheeting. This prevents ground heat 
from being radiated away to the colder surroundings. 
If you are a household gardener concerned about out- 
side flowers and plants during cold weather, simply 
wrap them in plastic or cover each with a paper cup. 
Fruit trees are particularly vulnerable to cold 
weather in the spring when they are blossoming. The 


protection of such trees presents a serious problem to 
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FIGURE 4.14 On cold, clear nights, the settling of cold air into valleys makes them colder than 


surrounding hillsides. 
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FIGURE 4.15 Orchard heaters circulate the air by setting up 
convection currents. pe 


the farmer. Since the lowest temperatures on a clear, 
still night occur near the surface, the lower branches of 
_ a tree are the most susceptible to damage. Therefore, 
- increasing the air temperature close to the ground may 


prevent damage. One way this can be done is to use ` 


orchard heaters, which warm the air around them by 
setting up convection currents close to the ground. 
Early forms of these heaters were called “smudge 
pots” because they produced large amounts of dense, 
black smoke that caused severe pollution. People tol- 


erated this condition only because they believed that- 
the smoke acted like a blanket, trapping some of the © 


earth’s heat. Studies have shown this concept to be not 
as significant as previously thought. Orchard heaters 
are now designed to produce as little smoke as possi- 
ble. (See Fig. 4.15.) | 

Another way to protect trees is to mix the cold air at 
the ground with the warmer air above, thus raising the 
- temperature of the air next to the ground. Such mixing 
can be accomplished by using wind machines (Fig. 
4.16), which are power-driven fans that resemble 
airplane propellers. Farmers without their own wind 
machines can rent air mixers in the form of helicop- 
ters. Although helicopters are effective in mixing the 
air, they are expensive to operate. 
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If sufficient water is available, trees can be protected 
by irrigation. On potentially cold nights, the orchard 
may be flooded. Because water has a high heat capa- 
city, it cools more slowly than dry soil. Consequently, 
the surface does not become as cold as.it would: if it 
were dry. Furthermore, wet soil has‘a higher thermal 
conductivity than dry soil. Hence, in wet soil heat is 
conducted upward from subsurface soil-more rapidly, 
which helps to keep the surface warmer. 

So far, we have discussed protecting trees against 
the cold air near the ground during.a radiation inver- 
sion. Farmers often face another nighttime cooling 
problem. For instance, when subfreezing air blows 
into a region, the coldest air is not found at the surface; 


- the air actually becomes colder with height. This con- 


dition is known as a freeze or advection frost. A single 
freeze in California or Florida can cause several mil- 
lion dollars damage to citrus crops. For example, the 
crippling freeze of 1983 was one of the worst of the 
century to hit Florida. Losses from damaged fruit and 
trees were estimated at more than $1 billion, as more 
than one-third of Florida’s citrus suffered moderate to 
severe damage. Fortunately, freezes are not frequent; 
in southern California they occur about once every 10 
to 15 years. | 
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FIGURE 4.16 Wind machines mix cooler 
surface air with warmer air above. 


- A strong radiation inversion occurs when 
the air near the ground is much colder 

- than the air higher up. Ideal conditions for 
a strong inversion exist when the air is 
calm, the night is long, and the air is fairly 
dry and cloud- free. Let's examine these 
ingredients one by one. ` 

Awindless night is essential fora strong 

radiation inversion because a stiff breeze 
tends to mix the colder air at the surface 
with the warmer air above. This mixing, 
along with the cooling of the warmer air as 
it comes in contact with the cold ground, 
causes a vertical temperature profile that 
is almost isothermal in a layer several 
meters thick. In the absence of wind, the 
cooler, more dense surface air does not 
readily mix with the warmer, less dense air 


- above, and the inversion is more strongly . 


- developed. (See Fig. 4.) 
Alongnight also contributes to astrong 
inversion. Generally, the longer the night 


and, hence, the longer the time of surface . 


cooling), the better are the chances that 
the air near the ground will be much colder 
than the air above. Consequently, winter 


I F OCUS ON A SPECIAL TOPIC 
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RADIATION INVERSIONS 
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nights provide the best conditions for a 
strong radiation inversion, other factors 
being equal. 

Finally, radiation inversions are more 
likely with a clear sky and dry air. Under 
such conditions, the ground and the air 
above are able to radiate their energy to 
outer space and thereby cool rapidly. 
However, with cloudy weather or moist 


air, much of the outgoing infrared energy ` 
- isabsorbed and reradiated to the surface, 


retarding the rate of cooling. Also, on 
moist nights, any fog, dew, or frost will 
release latent heat, which warms the air. 
So, radiation inversions may occur on 
any night. But, during long winter nights, 
when the air is still, cloud-free, and 
relatively dry, these inversions can 
become strong and deep. On winter 


‘ ` nights in middle latitudes, it is common to 


experience below-freezing temperatures 
near the ground and air 5°C (9°F) warmer 
at your waist. In middle latitudes, the top 
of the inversion—the region where the air 
temperature stops increasing with 
height—is usually not more than 100 m 


fi 


Altitude (meters 


(300 ft) above the ground. In dry, polar 
regions, where winter nights are 
measured in months, thetop of the 
inversion is often 1000 m (about 3300 ft) 
above the surface. It may, however, 
extend to.as high as 3000 m (about 
10,000 ft). 
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FIGURE4 Vertical temperature profiles just 
above the ground on a windy night and on a 
calm night. Notice that the radiation 

inversion develops better on the calm night. 


protectin an orchard from the damaging cold air 


blown by the wind can bea problem. Wind machines 


will not help because they would only mix cold air at 


the surface with the colder air above. Orchard heaters 


and irrigation are of little value as they would only 


protect the branches just above the ground. However, 
.. there is one form of protection that does work: An or- 
. chard’ ss rinkling system may be. turned on so that it 
emits a fine spray of water. In the cold air, the water 
freezes around the branches and buds, coating them 
_ with a thin veneer of ice. (See Fig. 4.17.) As long as the 


spraying continues, the latent heat—given off as the . 


water changes into ice—keeps the ice temperature at 
0°C (32°F). The ice acts as a protective coating against 
‘the subfreezing air by keeping the buds (or fruit) at a 
temperature higher than their damaging point. Care 
must. be- taken since too much'ice can cause the 


branches to break. The fruit may pS saved from the 


cold air, while the tree itself may be damaged by too 
much protection. 

- Presently under research are tests using genetically 
altered microorganisms to inhibit frost on plants. For 
example, laboratory tests using a particular bacterium 
(Pseudomonas syringae), known as frost ban, has . 
shown promise in protecting plants from frost damage 


at temperatures as low as —5°C (23°F). 


m THE USE OF TEMPERATURE DATA 


The careful recording and application of temperature 
data are tremendously important to us all. Without ac- 


: curate information of this type, the work of farmers, 


power company engineers, weather analysts, and 


many others would be a great deal more difficult. In 
these next sections, we will study the ways tempera- 
ture data are organized and used. We will also exam- 
ine the significance of daily, monthly, and yearly tem- 
perature ranges and averages in terms of practical 
application to everyday living. 


DAILY, MONTHLY, AND YEARLY TEMPERATURES As you 
might expect after reading the previous section, the 


greatest variation in daily temperature occurs right at 
the earth’s surface. In fact, the difference between the 


daily maximum and minimum temperature—called 
the daily (or diurnal) range of temperature—is great- 
est next to the ground and becomes progressively 
smaller as we move away from the surface. (See Fig. 
4.18.) This daily variation in temperature is also much 
larger on clear days than on cloudy ones. 

_ The largest diurnal range of temperature occurs on 
high deserts, where the air is fairly dry, often cloud- 
free, and there is less CO, above to reradiate much in- 
frared energy back to the surface. By day, clear sum- 
mer skies allow the sun’s energy to quickly warm the 
ground which, in turn, warms the air above to a tem- 
perature sometimes exceeding 35°C (95°F). At night, 
the ground cools rapidly by radiating infrared energy 
to space, and the minimum temperature in these re- 
gions occasionally dips below 4°C (39°F), thus giving a 
daily temperature range of 31°C (56°F). 


FIGURE 4.17 A coating of ice protects 
these almond trees from damaging low 
temperatures as an early spring freeze drops 
air temperatures well below freezing. 
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~ A good example of a city with a large diurnal tem- 
perature range is Reno, Nevada, which is located on a 
plateau at an elevation of 1350 m (4400 ft) above sea 
level. Here, in the dry, thin summer air, the average 
daily maximum temperature for July is 33°C (92°F)— 
short-sleeve weather, indeed. But don't lose your shirt 
in Reno, for you will need it at night, as the average 
daily minimum temperature for July is 8°C (47°F). 
Reno has a daily range of 25°C (45°F)! | 

In humid regions, the diurnal temperature range is — 


_usually small. Here, haze and clouds lower the max- 


imum temperature by preventing some of the sun’s 
energy from reaching the surface. At night, the moist 
air keeps the minimum temperature high by absorbing 
the earth’s infrared radiation and reradiating a portion 
of it to the ground. An example of a humid city witha 
small summer diurnal temperature range is Charles- 
ton, South Carolina, where the average July maximum 
temperature is 32°C (90°F), the average minimum is 
22°C (7 (7 2°F), and the diurnal range is only 10°C (18°F). 
Cities near large bodies « of water typically have’ 
smaller diurnal temperature | ranges than cities further 
inland. This is caused in part by the additional water 
vapor in the air and by the fact that water warms and 


cools much more slowly than land. 


The average of the highest and lowest temperature 
for a 24-hour period is known as the mean daily tem- 
perature. Most newspapers list the mean daily tem- 
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FIGURE 4.18 The daily range of tempera- 
ture decreases as we climb away from the 
earth's surface. Hence, there is less 
-day-to-night variation in air temperature near 
the top of a high-rise apartment complex 
than at the ground level. 
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perature along with the highest and lowest tempera- 
tures for the preceding day. The average of the mean 
daily temperatures for a particular date averaged fora 
30-year period gives the average (or “normal”) temper- 
atures for that date. The average temperature for each 
- month is the average of the daily mean temperatures 
for that month. (An application of daily temperatures 


in estimating energy needs is given in the Focus sec- 


tion on degree-days on p. 100.) 

At any location the difference between the average 
temperature of the warmest and coldest months is 
called the annual range of temperature . Usually the 
largest annual ranges occur over land, the smallest 


_' over water. Hence, inland cities have larger annual 


‘ranges than coastal cities. Near the equator (because 


daylight length varies little and the sun is always high . 


in the noon sky), annual temperature ranges are small, 


usually less than 3°C (5°F). Quito, Ecuador—on the 
equator at an elevation of 2850 m (9350 ft)—experi- 


ences an annual range of less than 1°C. In middle and ' 


high latitudes, large seasonal variations in the amount 
_ of sunlight reaching the surface produce large temper- 
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ature contrasts between winter and summer. Here, 
annual ranges are large, especially in the middle of a 
continent. Yakutsk, in northeastern Siberia near the 
Arctic Circle, has an extremely eee annual tempera- 
ture range of 62°C (144°F)! 


The average temperature of any station for the entire’ 


year is the mean annual temperature, which repre- 
sents the average of the twelve monthly average tem- 
peratures. When two cities have the same mean 
annual temperature, it might first seem that their tem- 
peratures throughout the year are quite similar. How- 


‘ever, often this is not the case. For example, San Fran- 


cisco, California, and Richmond, Virginia, are at the 


_ same latitude (37°N). Both have similar hours of day- 


light during the year; both have the same mean annual 
temperature—14°C (57°F). Here, the similarities end. 
The temperature differences between the two cities 
are apparent to anyone who has traveled to San Fran- 
cisco during the summer with a suitcase full of clothes 
suitable for summer weather in Richmond. 

- Tables 4.2 and 4.3 summarize the average tempera- 


tures for San Francisco and Richmond. The coldest 


month for both cities is January. January in Richmond 
averages only 8°C (14°F) colder than January in San 
Francisco. However, people in Richmond awaken to 
an average January minimum temperature of —6°C 
(21°F), much colder than the lowest temperature ever 
recorded in San Francisco, —3°C (27°F). Trees that 
thrive in San Francisco’s weather would find it 
difficult surviving a winter in Richmond. So, even 
though San Francisco and Richmond have the same 
mean annual temperature, the behavior and range of 
their temperatures differ greatly. 


THE CONTROLS OF TEMPERATURE 


The main factors that cause variations in temperature 
from one place to another are called the controls of 
temperature. Earlier we saw that the greatest factor in 
determining temperature is the amount of solar radia- 


tion that reaches the surface. This, of course, is deter- 


mined by the length of daylight hours and the inten- 
sity of incoming solar radiation. Both of these factors 
are a function of latitude, hence latitude is considered 
an important control of temperature. The main con- 
trols are listed below. . 


1. latitude 
2. land and water 


TABLE 4.2 [| Temperatures for San Francisco, California (37*N) 


FEB. MAR. “APRIL MAY JUNE 


Average °C 11 12 13 14 14 15 
Average °F (51) (Sade WEY - (57) (57) (59) 


Record high: 39°C (102°F) 


FEB. MAR. APRIL MAY JUNE 


Average °C 3 4 9 14 19 24 
Average°’F (38) (40) (48) (57) (67) (75) 


_ Record high: 40°C (105°F) 


TABLE 4.3 Mi Temperatures for Richmond, Virginia (37°N) 
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3. ocean currents 
4. elevation 


We can obtain a better picture of these controls by 
examining Figs. 4.19 and 4.20, which show the aver- 
age monthly temperatures throughout the world for 
January and July. The lines on' the map are iso- 
therms—lines connecting places that have the same 
temperature. Because air temperature normally de- 
creases with height, cities at very high elevations are 
much colder than their sea level counterparts. Conse- 
quently, the isotherms in Figs. 4.19 and 4.20 are cor- 
rected to read at the same horizontal level (sea level) 
by adding to each station above sea level an amount of 
temperature that would correspond to an m tem- 
perature change with height. * 

Figures 4.19 and 4.20 show the AA A of 
latitude on temperature. Note that, on the average, 
temperatures decrease poleward from the tropics and 
subtropics in both January and July. However, because 
there is a greater variation in solar radiation between 


-*The amount of change is usually less than the normal temperature 


lapse rate of 6.5°C per 1000 meters (3.6°F per 1000 ft). The reason is 
that the normal lapse rate is computed for altitudes above the 
earth’s surface in the “free” atmosphere. In the less dense air at high 
elevations, the absorption of solar radiation by the ground causes 
an overall slightly higher temperature than that of the free atmo- 
sphere at the same level. 


AVERAGE 


JULY AUG SERTE TOGT: NOV. DEC. YEAR 


15 15 17 16 14 11 14 
(59) (59) (62) (61) (57) (52) 


Record low: —3°C (27°F) 


a 


JULY AUG. SEPT. OCT. V. DEC. 


tees AY 9 4 14 
(78) (75) _ (70) (59) (48) _ (40) 


Record low: —24°C (—12°F) 
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Latitude 


Longitude - 


FIGURE 4.19 Average air temperature near sea level in January (CP) 


low and high latitudes in winter than in summer, the 


isotherms in January are closer together (a tighter gra- 


dient) than they are in July. This means that if you 
travel from New Orleans to Detroit in January, you are 
- more likely to experience greater temperature vari- 
ations than if you make the same trip in July. Notice 
also in Figs. 4.19 and 4.20 that the isotherms do not 
run horizontally; rather, in many places they bend, 
especially where they approach an ocean-continent 
- boundary. 


On the January map, the temperatures are much 


lower in the middle of continents than they are at the 
same latitude near the oceans; on the July map, the re- 


verse is true. The reason for these temperature vari- 


ations can be attributed to the unequal heating and 
cooling properties of land and water. For one thing, 
solar energy reaching land is absorbed in a thin layer 
of soil; reaching water, it penetrates deeply. Because 
water is able to circulate, it distributes its heat through 
a much deeper layer. Also, some of the solar energy 


-` 
Se 


striking the water is used to evaporate it rather than 
heat it. l l 
Another important reason for the temperature con- 


trasts is that water has a high specific heat. As we saw 


in Chapter 3, it takes a great deal more heat to raise the 
temperature of 1 g of water 1°C than it does to raise thè 
temperature of 1 g of soil or rock by 1°C. Water not 
only heats more slowly than land, it cools more slowly 
as well, and so the oceans act like huge heat reservoirs. 
Thus, mid-ocean surface temperatures change rela- 
tively little from summer to winter compared to the 
much larger annual temperature changes over the 
middle of continents. 

Along the margin of continents, ocean currents 
often influence air temperatures. For example, along 
the eastern Margins, warm ocean currents transport 


warm water poleward, while, along the western mar- 


gins, they transport cold water equatorward. Some 
coastal areas also experience upwelling, which brings 
even colder water to the surface. (See Chapter 12.) 


Even large lakes can modify the temperature around 
them. In summer, the Great Lakes remain cooler than 
the land. As a result, refreshing breezes blow inland, 
bringing relief from the sometimes sweltering heat. As 
winter approaches, the water cools more slowly than 
the land. The first blast of cold air from Canada is mod- 
ified as it crosses the lakes, and so the first freeze is de- 
layed on the eastern shores of Lake Michigan. 

Up to this point we have concentrated on how air 
temperature changes both daily and annually. Before 
we examine how air temperatures are measured, let’s 
turn our attention to how air temperatures influence 
human comfort. 


5 AIR TEMPERATURE AND HUMAN COMFORT 


on | 


Phobably everyone realizes that the same air tempera- 


“ture can feel differently on different occasions. For 


example, a temperature of 20°C (68°F) on a clear, 


Latitude 


AIR TEMPERATURE AND HUMAN COMFORT E 99 


windless March afternoon in New York City canal- 
most feel balmy after a long; hard winter. Yet, this 
same temperature may feel uncomfortably cool on a 
summer afternoon in a stiff breeze. The human body's 
perception of temperature obviously changes with 
varying atmospheric conditions. The reason for these 
changes is related to how we exch@nge heat energy 
with our environment. 

The body stabilizes its temperature primarily by 
converting food into heat (metabolism). To maintaina 
constant temperature, the heat produced and ab- 
sorbed by the body must be equal to the heat it loses to 
its surroundings. There is, therefore, a constant ex- 


change of heat—especially at the surface of the skin— ~“ 


between the body and the environment. 


Y 


One way the body loses heat is by emitting infrared 


energy. But.we not only emit radiant energy, we ab- 


sorb it as well. Another way the body loses and gains’ 


heat is by conduction and convection, which transfer. 


heat to and from the body by air motions. On a cold 


Longitude 


FIGURE 4.20 Average air temperature near sea level in July (°F). 
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DEGREE-DAYS 


- The mean temperature for any day - 
indicates the amount of fuel necessary for 
home or industrial heating. Estimates are 
that people will begin to use their furnaces 
when the mean daily temperature drops: 
below 65°F (18°C). Therefore, an index . 
used by heating engineers, called the 
heating degree-day, assumes that there 
will be little or no demand for fuel when the 
mean daily temperature is 65°F or above. 
Heating degree-days are determined by 
subtracting the mean temperature for the 
day from 65°F. Thus, if the mean 
temperature for a day is 55°F, there would 
be 10 (65° — 55°) heating degree-days on 
this day. On days when the mean 
temperature is above 65°F, there are no. 
heating degree-days. Hence, the lower - 
the average daily temperature, the more 
heating degree-days and the greater the 
predicted consumption of fuel. When the. 
number of heating degree-days fora . 
whole year is calculated, the heating fuel: 
requirements for any location can be 
estimated. Figure 5 shows the yearly 
average number of heating degree-days 
in various locations throughout the United 
States. 

As the mean daily temperature climbs 
above 65°F, people begin to cool their 
indoor environment. Consequently, an 
- index, called the cooling degree-day, is 

used during warm weather to estimate the 
. energy needed to cool indoor air toa 


day, slower-moving “cold” air molecules bounce 
against the exposed warm skin, gain heat, then dart 
away, taking some body heat with them. When the air 
is calm, a thin layer of heated air molecules forms 
close to the skin, protecting it from the cooler mole- 
cules and from the rapid transfer of heat. Thus, in cold 
weather, when the air is calm, the temperature we per- 
ceive—called the sensible temperature—is often 
higher than a thermometer might indicate. 
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FIGURE 5 Mean annual total heating degree-days in thousands of °F (base 65°F). 


comfortable level. The forecast of mean 
daily temperature is converted to cooling 
degree-days by subtracting 65°F from the 
mean. The remaining value is the number 
of cooling degree-days for that day. For 

- example, a day with a mean temperature 
of 70°F would correspond to (70 — 65), or 
5 cooling degree-days. High values 
indicate warm weather and high power 
production for cooling. (See Fig. 6.) 

- Knowledge of the number of cooling 

degree-days in an area allows a builder to 
plan the size and type of equipment that 


should be installed to provide adequate 
air conditioning. Also, the forecasting of 
cooling degree-days during the summer 
gives power companies a way of 
predicting the energy demand during 
peak energy periods. A composite of 
heating plus cooling degrée-days would 
give a practical indication of the energy 
requirements over the year. 

Farmers use an index, called growing 
degree-days, as a guide to planting and 
for determining the approximate dates 

_ Whenacrop will be ready for harvesting. A * 


Once the wind starts to blow, the insulating layer of 
warm molecules is swept away, and heat is rapidly re- 


. moved from the skin by the constant bombardment of 


cold air molecules. When all other factors are the, 
same, the faster the wind blows, the greater the heat. 
loss, and the colder we feel. How cold the wind makes - 
us feel is usually expressed as a wind-chill factor. The 
wind-chill chart (Fig. 4.21) translates the ability of the 
air to take heat away from the body with wind (its cool- 


FOCUS: ON AN APPLICATION 


DEGREE DAYS, continued _ 


CROP (VARIETY, LOCATION) CF) 


Beans (Snap, South Carolina) 50 
Corn (Sweet, Indiana) 50 
Cotton (Delta Smooth Leaf, Arkansas) 60 
Peas (Early, Indiana) 40 
Rice (Vegold, Arkansas) 60 
Rice (Bluebonnet, Arkansas) 60 
Wheat (Indiana) 40 


ing power) into a wind-chill equivalent temperature 
with no wind. For example, an outside air temperature 
- of —10°C (14°F) with a wind speed of 25 knots (29 mi/ 
hr) produces a wind-chill* equivalent temperature of 
—34°C (—30°F). This means that a naked body would 
lose as much heat in one minute in air with a tempera- 
*Wind chill is also judged against a wind of 3 knots—the so-called 
“walking wind speed.” 


TABLE 1 jg Estimated Growing Degree-Days for 
Certain Agricultural Crops to Reach Maturity 


BASE 
TEMPERATURE 
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growing degree-day for a particular crop 
is defined as a day on which the mean 
daily temperature is one degree above the 
base temperature (also known as the zero 
temperature) —the minimum temperature 
required for growth of that crop. For sweet 
com, the base temperature is 50°F and, 
for peas, itis 40°F. (The United States 
Department of Agriculture uses °F.) _ 

On a summer day in lowa, the mean 
temperature might be 80°F. From Table 1, 
we can see that, on this day, peas would 
accumulate 40 growing degree-days. 
With the same mean temperature, a crop 
of sweet corn would have 30 growing 
degree-days. Theoretically, sweet com 
can be harvested when it accumulates a 
total of 2200 growing degree-days. So, if 
sweet com is planted in early April and 
each day thereafter averages about 20 
growing degree-days, the com would be 
ready for harvest about 110 days later, or 
around the middle of July. Although 
moisture and other conditions are not 
taken into account, growing degree-days 
nevertheless serve as a useful guide in 
forecasting approximate dates of crop 
maturity. 


GROWING 
DEGREE-DAYS 
TO MATURITY 


1200-1300 
2200-2800 
1900-2500 
1100-1200 
1700-2100 
2400-2600 
2100-2400 


ture of —10°C and a wind speed of 25 knots as it would 
in calm air with a temperature of —34°C. Of course, 
how cold we feel actually depends on a number of fac- 
tors, including the fit and type of clothing we wear, 
and the amount of exposed skin. (Additional wind- 
chill charts are given in Appendix H.) 

High winds, in below-freezing air, can remove heat 
from exposed skin so quickly that the skin may actu- 
ally freeze and discolor. The freezing of skin, called’ 
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FIGURE 4.21 The lines on the chart are Y 
equivalent temperatures in °C (left side) 0 
and °F (right side). To obtain the wind-chill , 10° 
equivalent temperature, find the intersec-. 
tion of the wind speed and the air. 
temperature. (The broken line corresponds 
to the example within the text.) 


Actual Temperature (°C) 


frostbite, usually occurs on the body. extremities first 


because they are the greatest distance from the source - 


of body heat. 

In cold weather, wet skin can bea factor i in how cold 
we feel. A cold, rainy day (drizzly, or even foggy) often 
feels colder than a “dry” one because water on ex- 
posed skin conducts heat away from the body better 
than air does. In fact, in cold, wet, and windy weather 
a person may actually lose body heat faster than the- 
body can produce it. This may even occur in relatively 
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10 15 20. 25 30 35 40 
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mild weather with air temperatures as high as 10°C 
(50°F) ). The rapid loss of body heat may lower the body. 
temperature below its normal level and bring on a con- - 


dition known as hypothermia—the rapid, progressive 


mental and physical sca di we ii ae the 


| lowering of human body tempera 


The first symptom of | ypothe ermia is exhaustion. if 
exposure continues, judgment and reasoning power 
begin to disappear. Prolonged exposure, especially at 
temperatures near or below freezing, produces stupor, 


collapse, and death when the internal body tempera- 
ture drops to 26°C (79°F). Most cases of hypothermia 
occur when the air temperature is between 0°C (32°F) 
and 10°C (50°F). This may be because many people ap- 


parently do not realize that wet clothing in windy | 


weather greatly enhances the loss of body heat, even 
when the temperature is well above freezing. 

In cold weather, heat is more easily dissipated 
through the’ skin. To counteract this rapid heat loss, 
the peripheral blood vessels of the body constrict, cut- 
A of blood to the outer layers of the skin. 
In hot weather the blood vessels enlarge, allowing a 
greater loss of heat energy to the surroundings. In ad- 
dition to this we perspire. As evaporation occurs, , the 
skin cools because it supplies the large latent heat of 
vaporization (about 560 cal/g). When the air contains a 
great deal of water vapor and it is close to being satu- 
rated, perspiration does not readily evaporate from the 
skin. Less evaporational cooling causes most people to 
feel hotter than it really is, and a number of people 
start to complain about the “heat and humidity.” (A 


closer look at how we feel in hot weather will be given 


in Chapter 6, after we have examined the concepts of 


relative humidity and wet-bulb temperature.) 


il MEASURING AIR TEMPERATURE 


THERMOMETERS Thermometers were developed to 
measure air temperature. Each thermometer has a defi- 
nite scale and is calibrated so thata thermometer read- 
ing of 0°C (32°F) in Vermont will indicate the same 
temperature as a thermometer with the same reading 


_in North Dakota. If a particular reading were to repre- 


sent different degrees of hot or cold, depending on lo- 
cation, thermometers would be useless. 
Liquid-in-glass thermometers are the most com- 
nstruments - for measuring surface air 
ature, forthey are easy to read and inexpensive 
Peona - These thermometers have a glass bulb at- 
tached to a sealed, graduated tube about 25 cm (10 in.) 
long. A very small opening, or bore, extends from the 
bulb to the end of the tube. A liquid in the bulb (usu- 
ally mercury or red-colored alcohol) is free to move 
from the bulb up through the bore and into the tube. 
When the air temperature increases, the liquid in the 


“bulb expands, and rises up the tube. When the air tem- 


F 
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perature decreases, the liquid contracts, and moves” 
down the tube. Hence, the length of the liquid in the 
tube represents the air temperature. Because the bore 
is very narrow, a small temperature change will show 
up as a relatively large change in the length of the liq- 
uid column. 

Maximum and minimum thermometers are liquid- 
in-glass thermometers used exclusively for determin- 
ing daily maximum and minimum temperatures. The 
maximum thermometer looks like any other liquid- 
in-glass thermometer with one exception: It has a 
small constriction within the bore just above the bulb 
(Fig. 4.22). As the air temperature increases, the mer- 
cury expands and freely moves past the constriction 
up the tube, until the maximum temperature occurs. 
However, as the air temperature begins to drop, the 


‘small constriction prevents the mercury from flowing 


back into the bulb. Thus, the end of the stationary mer- 
cury column indicates the maximum temperature for 
the day. The mercury will stay at this position until 
either the air warms to a higher reading or the ther- 
mometer is reset by whirling it on a special holder and 
pivot. Usually, the whirling is sufficient to push the 
mercury back into the bulb past the constriction until 
the end of the column indicates the present air tem- 
perature. * 

A minimum thermometer measures the lowest tem- 


perature reached during a given period: Most mini- 


mum thermometers use alcohol as a liquid, since it 
freezes at a temperature of — 130°C compared to —39°C 


*Thermometers that measure body temperature are maximum 
thermometers. It should be apparent why they are shaken both be- 
fore and after you take your temperature. 


Constriction Liquid 


| 


Bore Temperature scale 


FIGURE 4.22 A section of a maximum thermometer. 
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Minimum temperature (56°) 


Current ed (619 


Bore Index marker 


Meniscus 


FIGURE 4.23 A section of a minimum thermometer showing both the 
current air temperature and the minimum temperature. 


for mercury. The minimum thermometer is similar to 


other liquid-in-glass thermometers except that it con- 
tains a small barbell-shaped index marker in the bore 
(Fig. 4.23). The index marker is about 2.5 cm long and 
is free to slide back and forth within the liquid. It can- 
- not move out of the liquid because the surface tension 
at the end of the liquid column (the meniscus) holds 
it in. 

‘A minimum thermometer is mounted horizontally. 
As the air temperature drops, the contracting liquid 
moves back into the bulb and brings the index marker 
down the bore with it. When the air temperature stops 
decreasing, the liquid and the index marker stop mov- 
ing down the bore. As the air warms, the alcohol ex- 


pands and moves freely up the tube past the stationary 


index marker. Because the index marker does not 
move as the air warms, the minimum temperature is 
read by observing the upper end of the marker. 

To reset a minimum thermometer, simply tip it up- 
side down. This allows the index marker to slide to the 
upper end of the alcohol column, which is indicating 
the current air temperature. The thermometer is then 
remounted horizontally, so that the marker will move 
toward the bulb as the air temperature decreases. 


Highly accurate temperature measurements may be 


made with electrical thermometers.'One type of elec- 
trical thermometer is the electrical resistance ther- 
mometer, which oes not actually measure air temper- 
ature but rather the resistance of a wire; usually 
platinum or nickel, whose resistance increases as the 
temperature increases. An electrical meter measures 
the resistance and is calibrated to represent air tem- 
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perature. Thermistors are another type of electrical 
thermometer., They are made of ceramic material 
whose resistance increases as the temperature de- 


- creases. Although thermistors are not widely used for 


everyday surface observations, they are used exten- 


- sively in remote sensing of air temperature, as radio- 
- sondes use them to measure the air temperature from | 


the surface up to an altitude near 30 km (18 mi). 
Another electrical thermometer is the thermo- 
couple. This device operates on the principle that the 
temperature difference between the junction of two 
dissimilar metals sets up a weak electrical current. - 


- When one end of the junction is maintained at a tem- 


perature different from that of the other end, an electri- 
cal current will flow in the circuit. This current is 
proportional to the temperature difference between 
the junctions. 
Air temperature may also be obtained with instru- 
ments called infrared sensors, or radiometers. Radi- 
-ometers do not measure temperature directly; rather, 
they measure emitted radiation (usually infrared)..By 


- measuring both the intensity of radiant energy and the 


wavelength of maximum emission of a particular gas 
(either water vapor or carbon dioxide), radiometers in 
orbiting satellites are now able to estimate the air tem- 
perature at selected levels in the atmosphere. 

‘A bimetallic thermometer consists of two different 
pieces of metal (usually iron and brass) welded to- 
gether to form a single strip. As the temperature 
changes, one metal expands more than the other, caus- 


ing the strip to bend. The small amount of bending is 
‘amplified through a system of levers to a pointer ona 


calibrated scale. ' 


The bimetallic E, is usually the tempera- 
ture-sensing part of the thermograph, an instrument 


- that measures and records temperature. On a thermo- ` 


graph, the pointer is a pen that sits on a circular drum 
(Fig. 4.24). The drum, which is covered with a piece of 
chart paper, is slowly rotated by a clock-drive. As the 
temperature of the air changes, the bimetallic ther- 
mometer bends accordingly and the pen moves up or 
down, marking the chart paper with the current air 
temperature. Since time is printed on the top of the 


_ Chart paper, a continuous recording of temperature is 


obtained. Because bimetallic thermometers are less 
accurate than liquid-in-glass thermometers, thermo- 
graphs must be checked periodically and corrected 
using an accurate liquid thermometer. 


| 
| 
| 
| 
| 
| 
| 
| 


Protective case 


Exposed 7 
bimetallic Record paper 
strip on cylinder 


Amplifying 
levers 


FIGURE 4.24 The thermograph with a bimetallic 
thermometer. 


INSTRUMENT SHELTERS Thermometers and other in- 
struments are usually housed in an instrument shelter 
(Fig. 4.25). The shelter completely encloses the instru- 
ments, protecting them from rain, snow, and the sun’s 
direct rays. It is painted white to reflect sunlight and 
has louvered sides, so that air is free to flow through it. 
This helps to keep the air inside the shelter at the same 
temperature as the air outside. . 

The thermometers inside a standard shelter are 
mounted about 1.5 m (5 ft) above the ground. As we 
saw in an earlier section, on a clear, calm night the air 
at ground level may be much colder than the air at the 
level of the shelter. As a result, on clear winter morn- 
ings it is possible to see ice or frost on the ground even 
though the minimum thermometer in the shelter did 
not reach the freezing point. 

Because air temperatures vary considerably above 
different types of surfaces, shelters are usually placed 


over grass to ensure that the air temperature is mea- 


sured at the same elevation over the same type of sur- 
face. Unfortunately, some shelters are placed on as- 
phalt, others sit on concrete, while others are located 
on the tops of tall buildings, making it difficult to com- 
pare air temperature measurements from different lo- 
cations. In fact, if either the maximum or minimum air 
temperature in your area seems suspiciously different 
from those of nearby towns, find out where the in- 
strument shelter is situated. (If you have wondered 
whether it is possible to measure air temperature accu- 
rately in the sun with a common liquid thermometer, 
read the Focus section on p. 106.) 
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FIGURE 4.25 An instrument shelter protects the instruments inside 
from the weather elements. 
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FOCUS ON INSTRUMENTS 


When we measure air temperature with a 
- common liquid thermometer, an 
incredible number of air molecules 
bombard the bulb, transferring energy tube. 
either to or away from it. When the air is 
warmer than the thermometer, the liquid 
~ gains energy, expands, and rises up the 
tube; the opposite will happen when the 
air is colder than the thermometer. The 
liquid stops rising (or falling) when 
equilibrium between incoming and 


The earth has seasons because the earth is tilted on its | 
axis as it revolves around the sun. The tilt of the earth. 


causes a seasonal variation in both the length of day- 
light and the intensity of sunlight that reaches the sur- 
face. When the Northern Hemisphere is tilted toward 
the sun, the Southern Hemisphere is tilted away from 
the sun. Longer hours of daylight and more intense 
sunlight produce summer in the Northern Hemi- 
sphere, while, in the Southern Hemisphere, shorter 
daylight hours and less intense sunlight produce 
winter. On a more local setting, the earth’s inclination 
influences the amount of solar energy received on the 


. north and south side of a hill, as well as around a 


‘home. . 
The daily variation in air temperature near the 
earth’s surface is controlled mainly by the input of 
energy from the sun and the output of energy from the 
surface. On a clear, calm day, the surface air warms, as 
long as heat input (mainly sunlight) exceeds heat out- 
put (mainly convection and radiated infrared energy). 
The surface air cools at night, as long as heat output ex- 
ceeds input. Because the ground at night cools more 
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THERMOMETERS SHOULD BE READ IN THE SHADE 


outgoing energy is established. At this 
point, we can read the temperature by 
observing the height of the liquid in the l 


It is impossible to measure air 
temperature accurately in direct sunlight - 
_ because the thermometer absorbs 
radiant energy from the sun in addition to 
energy from the air molecules. The 
thermometer gains energy at a much 
faster rate than it can radiate it away, and 


the liquid keeps expanding and rising until 
there is equilibrium between incoming 

“and outgoing energy. Because of the 
direct absorption of solar energy, the level 
of the liquid in the thermometer indicates a 
temperature much higher than the actual 
air temperature. Hence, a thermometer 
mustbe keptin a shady place to measure 
the temperature of the air accurately. 


quickly than the air above, the coldest air is normally 
found at the surface where a radiation inversion usu- 
ally forms. When the air temperature in agricultural 
areas drops to dangerously low readings, fruit trees 
and grape vineyards can be protected from the cold by 


“a variety of means, from mixing the air to spraying the 


trees and vines with water. — 
The greatest daily variation in air temperature oc- 
curs at the earth’s surface. Both the diurnal and annual 


range of temperature are greater in dry climates than in 


humid ones. Even though two cities may have similar 


average annual temperatures, the range and extreme of 


their temperatures can differ greatly. Temperature in- 
formation influences our lives in many ways, from de- 
ciding what clothes to take on a trip to providing criti- 
cal information for energy-use predictions and agri- 
cultural planning. We reviewed some of the many 
types of thermometers in use. Those designed to mea- 
sure air temperatures near the surface are housed in 
instrument shelters to protect them from direct sun- 
light and precipitation. 
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KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


summer solstice 
insolation 

solar constant 
autumnal equinox 
Indian summer 
winter solstice 
vernal equinox 
radiational cooling 
radiation inversion 
nocturnal inversions 
thermal belts — 
orchard heaters 


wind machines 
freeze 


mean daily temperature 


mean annual temperature 
heating degree-day 
cooling degree-day 
growing degree-days 
controls of temperature 
isotherms 

sensible temperature 


QUESTIONS FOR REVIEW 


j N 


In the Northern Hemisphere, why are summers 
warmer than winters, even though the earth is ac- 
tually closer to the sun in winter? 


. What are the main factors that determine seasonal 


temperature variations? 


. During the summer, why are middle latitudes gen- 


erally warmer than northern latitudes? 


. If it is winter and January in New York City, what 


is the season and month in Sydney, Australia? 


. Using your own words, define the solar constant. 
. Explain why Southern Hemisphere summers are 


not warmer than Northern Hemisphere summers. 


. Explain why the vegetation on the north-facing 


side of a hill is frequently different from the vege- 
tation on the south-facing side of the same hill. 


. If you were a consultant to a large corporation con- 


structing a new ski area, on which side of a hill 
would you suggest they build it? Why? 


. Draw a vertical profile of air temperature from the 


ground to an elevation of 3 m on a clear, windless 


a (a) afternoon and (b) early morning just before 


10. 


sunrise. Explain why the temperature curves are 
different. 

What are some of the factors that determine the 
daily fluctuation of air temperature just above the 
ground? 


annual range of temperature 


daily (diurnal) range of temperature 


11. 
12. 
13. 
14, 


15. 


16. 


17. 


18. 


19. 


20. 


wind-chill factor 
hypothermia 

liquid-in-glass thermometers 
maximum thermometer 
minimum thermometer 
electrical thermometers 
radiometers 

bimetallic thermometer 
thermograph 

instrument shelter . 


Explain why thermal belts are found along hill- 
sides at night. 

Explain why the warmest time of the day is usu- 
ally in the afternoon, even though the sun’s rays 
are most direct at noon. 

What weather conditions are best suited for the 
formation of a strong radiation inversion? 
Describe each of the controls of temperature. 

List some of the measures farmers use to protect 
their crops against the cold. Explain the physical 
principle behind each method. 

Why are the lower tree branches most susceptible 
to damage from low temperatures? 

Explain why large daily temperature ranges are 
observed (a) in dry regions and (b) over soil that is 
a poor thermal conductor. 

During the winter, frost can form on the ground 
when the minimum thermometer indicates a low 
temperature above freezing. Explain. 

Explain how the following thermometers measure 
air temperature: 

(a) liquid-in-glass 

(b) bimetallic 

(c) thermistor 

(d) radiometer 

Why do the first freeze in autumn and the last 
freeze in spring occur in bottomlands? 
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CHAPTER 4 SEASONAL AND DAILY TEMPERATURES 


Œ QUESTIONS FOR THOUGHT 


1. 


In about 11, 000 years, the Northern EEREN. 
will be closer to the sun during the summer sol- 
stice. How might this situation influence the cli- 
mate of the Northern Hemisphere? 


. Do you feel that the situation described in ques- 


tion 1 will change the length of summer and 


spring? What about fall and winter? Explain. 
. Explain (with the aid of a diagram) why the morn- 


ing sun shines brightly through a south-facing 
bedroom window in December, but not in June. 


: If the tilt of the earth were decreased to only 10°, 


how would this change the summer and winter 
temperatures in your area? psa ate using a 
diagram. 


. If the tilt of the earth increased to 40°, explain how 


you feel the summer and winter temperatures 
would change in your area. 


. At the top of the earth’s atmosphere during the 


early summer (Northern Hemisphere), above what 
latitude would you expect to receive the most 
solar radiation in one day? During the same time of 
year, where would you expect to receive the most 
solar radiation at the surface? Explain why the two 
locations are different. (If you are having difficulty 
with this question, refer to Fig. 4.5.) 


. If a construction company were to build a solar- 


heated home in middle latitudes in the Southern 
Hemisphere, in which direction should the solar 
panels on the roof be directed for maximum day- 
time heating? 


. Suppose you live in a middle latitude city 


~ 


(latitude 40°N), where the coldest part of the year — 


is always around the middle of January. If you 


- were to construct a solar-heated home, at what 


“angle would you construct the roof (cost is not a 


factor) so that it would absorb the sun's rays at a 


right angle during this cold period? 
. Aside from the aesthetic appeal (or lack of such), 


` explain why painting the outside north-facing 


10. 


11. 


wall of a middle latitude house one color and the 
south-facing wall another color is not a bad idea. 


How would the lag in daily temperature experi- 
enced over land compare to the daily temperature 
lag over water? 


Where would you expect to experience the small- 


est variation in temperature from year to year and 
from month to month? Why? 


12. 


13. 


14. 


15. 


The average temperature in San Francisco, 
California, for December, January, and February is 
11°C (52°F). During the same three-month period 
the average temperature in Richmond, Virginia, is 
4°C (39°F). Yet, San Francisco and Richmond have 
nearly the same yearly total of heating degree- 
days. Explain why. (Hint: See Table 4.2.) 

On a warm summer day, one city experienced a 
daily range of 22°C (40°F), while another had a 
daily range of 10°C (18°F). One of these cities is lo- 
cated in New Jersey and the other in New Mexico. 
Which location most likely had the highest daily 
range, and which one had the smallest? Explain. 
Give two reasons why a minimum thermometer 
does not use mercury as a liquid. 

Minimum thermometers are usually read during 
the morning, yet they are reset in ue afternoon. 
Explain why. 


PROBLEMS AND EXERCISES 


. Draw a graph similar to Figs. 4.5 and 4.7. Include in 


it the amount of solar radiation reaching the earth’s 
surface at each latitude on the equinox. 


. Calculate the noon angle of the sun above the south- 


ern horizon at your latitude on the following dates: 
(a) December 22; (b) ps 22; (c) September 23; and 
(d) March 21. 


. Each day past the winter solstice the noon sun is a 


little higher above the southern horizon. (a) Deter- 
mine how much change takes place each day at 
your latitude. (b) Does the same amount of change 


`- _take place at each latitude in the Northern Hemi- 


sphere? Explain. 


. On approximately what dates will the sun be over- 


head at noon at latitudes: (a) 10°N? (b) 15°S? 


. Design a solar-heated home that sits on the north 
side of an east-west running street. If the home is lo- _ 


cated at 40°N, draw a proper roof angle for 
maximum solar heating. Design windows, doors, 
overhangs, and rooms with the intent of reducing 
heating and cooling costs. Place trees around the 
home that will block out excess summer sunlight 
and yet let winter sunlight inside. Choose a paint 
color for the house that will add to the home’s 
energy efficiency. 


. Suppose peas are planted in Indiana on May 1. If 


‘the peas need 1200 growing degree-days before 


they can be picked, and if the average maximum 
temperature for May and June is 80°F and the aver- 
age minimum is 60°F, on about what date will the 
peas be ready to pick? Gii a base temperature 
of 40°F.) - 

. Use the maximum and minimum temperatures in 
the daily newspaper to identify those cities with 
large numbers of heating degree-days. Calculate the 
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total heating degree-days for each city. With the aid 
of Fig. 5, p. 100, determine the percent of the yearly 
total heating degree-days each city received on that 
day. Do the same for cities with large numbers of 
cooling degree-days. 


. What is the wind-chill factor wher the air tempera- 
`- ture is —30°C (-22%F) and the wind speed is 15 


knots (17 mi/hr)? (Use Fig. 4.21, p. 102.) 


Sunlight reflected and scattered by air molecules and cloud particles produces a dramatic, 
colorful sunset. (Photo by Pat Badalamente Zawadzki) 
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LIGHT, COLOR, AND 


ATMOSPHERIC OPTICS 


The sky is clear, the weather cold, and the year, 1818. Near 
Baffin Island in Canada, a ship with full sails enters unknown 
waters. On board are the English brothers James and John 
Ross, who are hoping to find the elusive “Northwest Passage,” 
the waterway linking the Atlantic and Pacific oceans. On this 


- morning, however, their hopes would be dashed, for directly in 


front of the vessel, blocking their path, is a huge towering ` 
mountain range. Disappointed, they turn back and report that 
the Northwest Passage does not exist. About seventy-five 
years later Admiral Perry met the same barrier and called it 
“Crocker land.” 

What type of treasures did this mountain AE 
silver, precious gems? The curiosity of explorers from all over 
the world had been aroused. Speculation was the rule, until, in 
1913, the American Museum of Natural History commissioned 
Donald MacMillan to lead an expedition to solve the mystery of 
Crocker land. At first, the joumey was disappointing. Where 
Perry had seen mountains, MacMillan saw only vast stretches of 
open water. Finally, ahead of his ship was Crocker land, but it 
was more than two hundred miles farther west from where 
Perry had encountered it. MacMillan sailed on as far as possible. 
Then he dropped anchor and set out on foot with a small crew 
of men. 

As the team moved toward the mountains, the mountains 
seemed to move away from them. If they stood still, the 
mountains stood still; if they started walking, the mountains © 
receded again. Puzzled, they treked onward over the glittering 
snowfields until huge mountains surrounded them on three — 
sides. At last the riches of Crocker land would be theirs. But in 
the next instant the sun disappeared below the horizon and, as 
if by magic, the mountains dissolved into the cold arctic twilight. 
Dumbfounded, the men looked around only to see ice in all 
directions—not a mountain was in sight. There they were, the ' 
victims of one of nature's greatest practical ener for Crocker 
ce was a mirage. 
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The sky is full of visual events. Optical illusions (mir- 
ages) can appear as towering mountains or wet road- 
ways. In clear weather, the sky can appear blue, while 
the horizon appears milky white. Sunrises and sun- 
sets can fill the sky with brilliant shades of pink, red, 
orange, and purple. At night, the sky is black, except 
for the light from the stars, planets, and the moon. The 
moon’s size and color seem to vary during the night, 
and the stars twinkle. To understand what we see in 
the sky, we will take a closer look at sunlight, examin- 
ing how it interacts with the atmosphere to produce an 
array of atmospheric visuals. i 


@ WHITE AND COLORS 


We know from Chapter 3 that nearly half of the solar 


radiation that reaches the atmosphere is in the form of 
visible light. As sunlight enters the atmosphere, it is 
either absorbed, reflected, scattered, or transmitted on 
_ through. How objects at the surface respond to this 
energy depends on their general nature (color, den- 
sity, composition) and the ‘wavelength of light that 
strikes them. How do we see? Why do we see various 
colors? What kind of visual effects do we observe be- 
cause of the interaction between light and matter? In 
particular, what can we see when light interacts with 
our atmosphere? — > A 

_.We perceive light because electromagnetic waves 
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‘stimulate antenna-like nerve endings in the retina of 


p as. | ee) y 
the human eye. These antennae are of two types—rods 


and cones. The rods respond to al] wavelengths of vis- 


ible light and give us the ability to distinguish light 
from dark. If people possessed rod-type receptors 
only, then only black and white vision would be possi- 
ble. The cones respond to specific wavelengths of radi- 
ation between 0.4 and 0.7 micrometers (um). The 
cones fire an impulse through the nervous system to 
the brain, and we perceive this impulse as the sensa- 
tion of color. (Color blindness is caused by missing 
or malfunctioning cones.) Wavelengths of radiation 
shorter than 0.4 um, or longer than 0.7 pm, do not 
stimulate color vision in humans. 

- White light is perceived when all visible wave- 


lengths strike the cones of the eye with nearly equal in- 


tensity. Because the sun radiates almost half of its 


energy as visible light, all visible wavelengths from 
the midday sun reach the cones, and the sun usually 
appears white. A star that is cooler than our sun 
radiates most of its energy at slightly longer wave- 
lengths; therefore, it appears redder. On the other 
hand, a star much hotter than our sun radiates more 


energy at shorter wavelengths and thus appears bluer. © 


A star whose temperature is about the same as the 
sun’s appears white. e 
“Objects that are not hot enough to produce radiation 
at visible wavelengths can still have color. Everyday 
objects we see as red are those that absorb all visible 
radiation except red. The red light is reflected from the 
object to our eyes. Blue objects have blue light return- 
ing from them, ‘since they absorb all visible wave- 
lengths except blue. Some surfaces absorb all visible 
wavelengths and reflect no light at all. Since no radia- 
tion strikes the rods or cones, these surfaces appear 
black. Therefore, when we see colors, we know that 


light must be reaching our eyes. h 


r 


@ WHITE CLOUDS AND SCATTERED LIGHT 
LAA el A 


One exciting feature of the atmosphere can be experi- 
enced when we watch the underside of a puffy, grow- 
ing cumulus cloud change color from white to dark 
gray or black. When we see this change happen, our 


first thought is usually, “It's going to rain.” Why is the: 


cloud initially white? Why does it change color? To 
answer these questions, let's investigate the concept of 
scattering. 

When sunlight bounces off a surface at the same 
angle at which it strikes the surface, we say that the 
light is reflected, and call this phenomenon reflection. 
There are various constituents of the atmosphere, 
however, that tend to deflect solar radiation from its 
path and send it out in all directions. We know from 
Chapter 3 that radiation reflected in this way is said to 


be scattered: (Scattered light is also called diffuse 


light.) During the scattering process, no energy is 
gained or lost and, therefore, no temperature changes 


occur. In the atmosphere, scattering is usually caused 
by small objects, such as air molecules, fine particles 


of dust, water molecules, and some pollutants. Just as 
the ball in a pinball machine bounces off the pins in 


many directions, so solar radiation is knocked about 
by small particles in the atmosphere. 

Cloud droplets about 20 pm or so in diameter are 
large enough to effectively scatter all wavelengths of 
visible radiation more or less equally, a phenomenon 
we Call Mie scattering. Clouds, even small ones, are 
optically thick, meaning that they are able to scatter 
vast amounts of sunlight. These same clouds are poor 
absorbers of sunlight. Hence, when we look atacloud, 
it appears white because countless cloud droplets 
scatter all wavelengths of visible sunlight in all direc- 
tions (Fig. 5.1). 

As a cloud grows larger and taller, more sunlight is 
reflected from it and less light can penetrate all the 
way through it (Fig. 5.2). In fact, relatively little light 
penetrates a cloud whose thickness is 1000 m (3300 
ft). Since little sunlight reaches the underside of the 
cloud, little light is scattered, and the cloud base ap- 
pears dark. At the same time, if droplets near the cloud 
base grow larger, they become less effective scatterers 
and better absorbers. As a result, the meager amount of 
visible light that does reach this part of the cloud is ab- 
sorbed rather than scattered, which makes the cloud 
appear even darker. These same cloud droplets may 
even grow large and heavy enough to fall to the earth 
as rain. From a casual observation of clouds, we know 
that dark, threatening ones frequently produce rain. 
Now, we know why they appear so dark. 


E BLUE SKIES AND HAZY DAYS 


The sky appears blue because light that stimulates the 
sensation of blue color is reaching the retina of the eye. 
How does this happen? | 
Individual air molecules are much smaller than 
cloud droplets—their diameters are small even when 
compared with the wavelength of visible light. Each 
air molecule of oxygen and nitrogen is a selective scat- 
terer in that each scatters shorter waves of visible light 
much more effectively than longer waves. (This selec- 
tive scattering is also known as Rayleigh scattering.) 
As sunlight enters the atmosphere, the shorter visi- 
ble wavelengths of violet, blue, and green are scattered 
more by atmospheric gases than are the longer wave- 
lengths of yellow, orange, and especially red. (Violet 
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White light is scattered in all directions 
FIGURE 5.1 + Since tiny cloud droplets scatter visible light in all 
directions, light from many billions of droplets turns a cloud white. 


light is scattered about 16 times more than red light.) 
As we view the sky, the scattered waves of violet, blue, 
and green strike the eye from all directions. Because 


our eyes are more sensitive to blue light, these waves, 


viewed together, produce the sensation of blue com- 
ing from all around us. (See Fig. 5.3.) Therefore, when 
we look at the sky it appears blue. (Earth, by the way, is 


not the only planet with a colorful sky. On Mars, dust 


in the air turns the sky red at midday and purple at 
sunset.) ., 

The selective scattering of blue light by air mole- 
cules and very small particles can make distant moun- 
tains appear blue, such as the Blue Ridge Mountains of 
Virginia and the Blue Mountains of Australia. (See 
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FIGURE 5.2 Average percent of radiation reflected, absorbed, and 
transmitted by clouds of various thickness. 
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FIGURE 5.3 The sky appears blue because billions of air molecules selectively scatter the shorter 
wavelengths of visible light more effectively than the longer ones. This causes us to see blue light 
coming from all directions. | 


FIGURE5.4 Blue skies and white 
clouds. The selective scattering of blue 
light by air molecules (Rayleigh 
scattering) produces the blue sky;. 
while the scattering of all wavelengths 
of visible light by liquid cloud droplets 


(Mie scattering) produces the white 
clouds. 


Fig. 5.5.) In some places, a blue haze may cover the 
landscape, even in areas far removed from human con- 
tamination. Although its cause is still controversial, 
the blue haze appears to be the result of a particular 
process. Extremely tiny particles (hydrocarbons 
called terpenes) are released by vegetation to combine 
chemically with small amounts of ozone, which may 
filter down from the stratosphere. This reaction pro- 
duces tiny particles (about 0.2 pm in diameter) that 
selectively scatter blue light. 

When small particles, such as fine dust and salt, be- 
come suspended in the atmosphere, the color of the 
sky begins to change from blue to milky white. Al- 
though these particles are small, they are large enough 
to scatter all wavelengths of visible light fairly evenly 
in all directions. (Recall that this is Mie scattering.) 
When our eyes are bombarded by all wavelengths of 


visible light, the sky appears milky white, and we call. 


BLUE SKIES AND HAZY DAYS fa 115 


the day “hazy.” Ifthe humidity is high enough, soluble 
particles (nuclei) will “pick up” water vapor and grow 
into haze particles. Thus, the color of the sky givesusa 
hint about how much material is suspended in the air: 
the more particles, the more scattering, and the whiter 
the sky becomes. On top of a high mountain, when we 
are above many of these haze particles, the sky usually 
appears a deep blue. 

Haze can scatter light from the rising or setting sun, 
so that we see bright lightbeams, or crepuscular rays, 
radiating across the sky. A similar effect occurs when 
the sun shines through a break in a layer of clouds (Fig. 
5.6). Dust, tiny water droplets, or haze in the air be- 
neath the clouds scatters sunlight, making that region 
of the sky appear bright with rays. Because these rays 
seem to reach downward from clouds, some people 
will remark that the “sun is drawing up water.” In 
England, this same phenomenon is referred to as 


FIGURE 5.5 The Blue Ridge Mountains in Virginia. The blue haze is caused by the scattering of blue 
light by extremely small particles—smaller than the wavelengths of visible light. 
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FIGURE 5.6 The scattering of Sunlight by dust and haze produces these white bands of 


crepuscular rays. 


“Jacob’s ladder.” No matter what these sunbeams are 


_ Called, it is the scattering of sunlight by particles inthe 


atmosphere that makes them visible. l 


| RED SUNS AND BLUE MOONS 


At midday, the sun seems intensely white, while at 
sunset it usually appears to be yellow, orange, or red. 
Atnoon, when the sun is high in the sky, light from the 
sun is most intense—all wavelengths of visible light 


: are able to reach the eye with about equal intensity, 
and the sun appears white. (Looking directly at the. 


sun, especially during this time of day, can cause ir- 
reparable damage to the eye. Normally, we get only 
glimpses or impressions of the sun out of the corner of 
our eye.) 

Near sunrise or sunset, however, the rays coming di- 
rectly from the sun strike the atmosphere at a low 
angle. They must pass through much more atmo- 


sphere than at any other time during the day. (When 


the sun is 4° above the horizon, sunlight must pass 


| through an atmosphere more than 12 times thicker | 
- than when the sun is directly overhead.) By the time 


sunlight has penetrated this large amount of air, most 
of the shorter waves of visible light have been scat- 
tered away by the air molecules. Just about the only 
waves from a setting sun that make it on through the 


E atmosphere on a fairly direct path are the yellow, 
Orange, and red. Upon reaching the eye, these waves 


produce a bright yellow-orange sunset. (See Fig. 5.7.) 
' Bright, yellow-orange sunsets only occur when the 
atmosphere is fairly clean, such as aftera recent rain. If 
the atmosphere contains many fine particles whose 
diameters are a little larger than air molecules, slightly 
longer (yellow) waves also would be scattered away. 
Only orange and red waves would penetrate through 
to the eye, and the sun would appear red-orange. 
When the atmosphere becomes loaded with particles, 


only the longest red wavelengths are able to penetrate 


the atmosphere, and we see a red sun. 
Natural events may produce red sunrises and sun- 


sets. Over the oceans, for example, the scattering 


characteristics of small, suspended salt particles and 


water vapor are responsible for the brilliant red suns 
observed from the beach (Fig. 5.8). Moreover, major 
volcanic eruptions send vast amounts of dust and ash 
high into the atmosphere. These fine particles, moved 
by the winds aloft, circle the globe, producing beauti- 
ful sunrises and sunsets for months and even years. 
There were beautiful ruddy sunsets in many parts 
of the Northern Hemisphere after the volcano El 
Chichón erupted in Mexico during April, 1982. 
Occasionally, the atmosphere becomes so laden 
with dust, smoke, and pollutants that even red waves 
are unable to pierce the filthy air. An eerie effect then 
occurs. Because no visible waves enter the eye, the sun 
literally disappears before it reaches the horizon! 
Hopefully, you have not had to witness such an atmo- 
_spheric event. l 
The scattering of light by large quantities of atmo- 
spheric particles can cause some rather unusual 
sights. If the volcanic ash, dust, or smoke particles are 
roughly uniform in size, they can selectively scatter 
the sun’s rays. Even at noon, various colored suns 
have appeared: orange suns, green suns, and even blue 


Blue sky 
q white sun! 
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suns. For blue suns to appear, the size of the sus- 
pended particles must be similar to the wavelength of 
visible light. When these particles are present they 
tend to scatter red light more than blue, which causes a 
bluing of the sun. Although rare, the same phenome- 
non can happen to moonlight, making the moon ap- 
pear blue; thus, the expression “once in ablue moon.” 
In summary, the scattering of light by small particles - 

in the atmosphere causes many familiar effects: white 
clouds, blue skies, hazy skies, crepuscular rays, and 
colorful sunsets. In the absence of any scattering, we 


- would simply see a white sun against a black sky—not 


an attractive alternative. 


E TWINKLING AND TWILIGHT 


Light that passes through a substance is said to be 
transmitted. Upon entering a denser substance, trans- . 
mitted light slows in speed. If it enters the substance at 
an angle, the light’s path also bends. This bending is 
called refraction. The amount of refraction depends 


Beautiful 
orange sun! 


FIGURE5.7 Because ofthe selective scattering by a thick section of atmosphere, the sun at sunrise 


and sunset appears either yellow, orange, or red. At noon, it is usually white. 
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FIGURE 5.8 Red sunset near the coast of Iceland. The reflection of sunlight off the slightly rough 
water is producing a glitter path. $ 


primarily on two factors: the density of the material 


and the angle at which the light enters the material. 
Refraction can be demonstrated in a darkened room 
by shining a flashlight into a beaker of water (Fig. 5.9). 
If the light is held directly above the water so that the 
beam strikes the surface of the water straight on, no 
bending occurs. But, if the light enters the water at 
some angle, it bends toward the normal , which is the 


dashed line in the diagram running perpendicular to - 


the air-water boundary. (The normal is simply a line 
that intersects any surface at a right angle. We use it as 
a reference to see how much bending occurs as light 
enters and leaves various substances.) A small mirror 
on the bottom of the beaker reflects the light upward. 
This reflected light bends away from the normal as it 
re-enters the air. We can summarize these observa- 


tions as follows: Light that travels from a less-dense to. 


a more-dense medium loses speed and bends toward 


| 


the normal, while light that enters a less-dense 


medium increases in speed and bends away from the 
normal, 
The refraction of light within the atmosphere causes 


a variety of visual effects. At night, for example, the 


light from the stars that we see directly above us is not 
bent, but starlight that enters the earth’s atmosphere at 
an angle is bent. In fact, a star whose light enters the at- 
mosphere just above the horizon has more atmosphere 
to penetrate and is thus refracted the most. As we can . 
see in Fig. 5.10, the bending is toward the normal as 
the light enters the more-dense atmosphere. By the 
time this “bent” starlight reaches our eyes, the star ap- 
pears to be higher than it actually is because our eyes 
cannot detect that the light path is bent. We see light 
coming from a particular direction and interpret the 
star to be in that direction: So, the next time you takea 
midnight stroll, point to any star near the horizon and 
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FIGURE5.9 The behavior of light asit enters and leaves a more-dense 
substance. . 


remember: this is where the star appears to be. To 
point to the star’s true position, you would have to 
lower your arm just a bit (about one-half a degree, ac- 
cording to Table 5.1). 

As starlight enters the atmosphere, it often passes 
through regions of differing air density. Each of these 
regions deflects and bends the tiny beam of starlight, 
constantly changing the apparent position of the star. 
This causes the star to appear to twinkle or flicker, a 
condition known as scintillation. Planets, being much 
closer to us, appear larger, and usually do not twinkle 
because their size is greater than the angle at which 
their light deviates as it penetrates the atmosphere. 
Planets sometimes twinkle, however, when they are 
near the horizon, where the bending of their light is 
greatest. . 

The refraction of light by the atmosphere has some 


other interesting consequences. For example, the at- 


mosphere gradually bends the rays from a rising or set- 
ting sun or moon. Because light rays from the lower 
part of the sun (or moon) are bent more than those from 
the upper part, the sun appears to flatten out on the 
horizon, taking on an elliptical shape. Also, since light 
is bent most on the horizon, the sun and moon both ap- 
pear to be higher than they really are (Fig. 5.11). Con- 
sequently, they both rise about two minutes earlier 
and set about two minutes later than they would if 
there were no atmosphere. 

You may have noticed that on clear days the skya is 
often bright for some time after the sun sets. The atmo- 
sphere refracts and scatters sunlight to our eyes, even 


though the sun itself has disappeared from our view. . 


Twilight is the name given to the time after sunset (and 
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TABLE5.1 M The Amount of Atmospheric Refraction 
(Bending) in Minutes Viewed at Sea Level under Standard — 
Atmospheric Conditions (60 minutes equals 1°) 


ELEVATION ABOVE HORIZON 
(DEGREES) 


REFRACTION 
(MINUTES) 


immediately before sunrise) when the sky remains il- 
luminated and allows outdoor activities to continue 
without artificial lighting. (Civil twilight lasts from 
sunset until the sun is 6° below the horizon, while as- 
tronomical twilight lasts until the sky is completely 
dark and the astronomical observation of the faintest ' 


stars is possible.) 


The length of twilight depends on season ame lati- 
tude. During the summer in middle latitudes, twilight 
adds about 30 minutes of light to each morning and 
evening for outdoor activities. The duration of 


Star appears 46 


1, to be here 


e Ain i i 


(i 
ee 


FIGURE5.10 Duetothebending of starlight by the atmosphere, stars 
not directly overhead appear to be higher than they really are. 
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FIGURE 5.11 The bendin 


g of sunlight by the atmosphere causes the sun to ri 
earlier, and set about two 


se about two minutes 
minutes later, than it would otherwise. 


 FIGURE5.12 Red twilight sky over Californ 
El Chichón during October, 1982. 


ia produced by the sulfur-rich particles from the volcano - 


FOCUS ON A SPECIAL TOPIC 


THE GREEN FLASH 


Occasionally, a flash of green light—called ' 

the green flash—may be seen near the ' 

upper rim of a rising or setting sun (Fig. 1). 

Remember from our earlier discussion 
that, when the sun is near the horizon, its 
light must penetrate a thick section of 
atmosphere. This thick atmosphere 
refracts sunlight, with purple and blue light 
bending the most, and red light the least. 
Because of this bending, more blue light 
should appear along the top of the sun: 
But because the atmosphere selectively 
scatters blue light, very little reaches us, 

and we see green light instead. 

Usually, the green lightis too faintto see 

with the human eye. However, under 
certain atmospheric conditions, such as 
when the surface airis very hot or when an 
upper-level inversion exists, the green 
light is magnified by the atmosphere. 
When this happens, a momentary flash of 
green light appears, often just before the 
sun disappears from view. 


FIGURE 1 The very light green on the upper rim of the sun is the green flash. 
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The flash usually lasts about a second, 
although in polar regions it can last longer. 


and the flash may exist for many minutes. 


Members of Admiral Byrd’s expedition in 


green flash for 35 minutes in September 
as the sun slowly rose above the horizon, 


Here, the sun slowly changes in elevation 


twilight increases with increasing latitude, especially 
in summer. At high latitudes during the summer, 
morning and evening twilight may converge, produc- 
ing a white night—a nightlong twilight. 

The color of twilight can change when particles of 
volcanic ash and dust are present in the upper atmo- 
sphere. For example, after the volcanic eruption of 
El Chichén in April, 1982, a brilliant red twilight 


occurred over parts of North America as sulfur-rich © 


particles from the volcano scattered red light from the 
setting (and rising) sun. (See Fig. 5.12.) 
In general, without the atmosphere, there would be 


no refraction or scattering, and the sun would rise later 


and set earlier than it now does. Instead of twilight, 
darkness would arrive immediately when the sun dis- 


appears below the horizon. Imagine the number of 


sandlot baseball games that would be called because 


the south polar region reported seeing the 


marking the end of the long winter. 


of instant darkness. (Sometimes at sunrise or sunset 

the rim of the sun will appear green. If you wish to 

learn more about this green flash phenomenon, read 
the Focus section above.) 
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Any good trout fisherman knows that you must squat 
as low as possible along the riverbank so as not to be 
visible to the fish. The reason for this behavior is that 
the light from the fisherman is bent when it enters the 
water in such a way that it makes the fisherman appear 
much taller to the fish than he actually is and, there- 
fore, more visible. Conversely, to the fisherman, the 
fish appears to be much closer to the surface than it ac- 
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FIGURE 5.13 Therefractionoflightasit passes from the water into the 
less-dense air causes a fish to appear closer to the surface than it 
actually is. 


tually is (Fig. 5.13). The fisherman and the fish see 
each other displaced from their true positions. Light, 
being refracted as it passes between air and water, 
creates this effect. In the atmosphere, when an object 
appears to be displaced from its true position, we call 
this phenomenon a mirage. A mirage is not a figment 
of the imagination—our minds are not playing tricks 
on us, but the atmosphere is. i : 
Atmospheric mirages are created by light passing 
through and being refracted by air layers of different 
densities. Such changes in air density are usually 
caused by sharp changes in air temperature. The 
greater the rate of temperature change, the greater the 
light rays are bent. For example, on a warm, sunny 


day, black road surfaces absorb a great deal of solar 
energy and become very hot. Air in contact with these 
hot surfaces warms by conduction and, because airisa 
poor thermal conductor, we find much cooler air only 
a few meters higher. On hot days, these road surfaces 
often appear wet. (See Fig. 5.14.) Such “puddles” dis- 
appear as we approach them, and advancing cars seem 
to swim in them. Yet, we know the road is dry. The ap- 
parent wet pavement above a road is the result of blue 
skylight refracting up into our eyes as it travels 
through air of different densities. A similar type of 
mirage occurs in deserts during the hot summer. Many 
thirsty travelers have been disappointed to find that 
what appeared to be a water hole was in actuality hot 


. desert sand. 


Sometimes, these “watery” surfaces appear to shim- 
mer. The shimmering results as rising and sinking air 
near the ground constantly change the air density. As 
light moves through these regions, its path also 
changes, causing the shimmering effect. 

When the air near the ground is much warmer than 
the air above, objects may not only appear to be lower 
than they really are, but also (often) inverted. These 
mirages are called inferior (lower) mirages. The tree in 
Fig. 5.15 certainly doesn’t grow upside down. So why 
does it look that way? It appears to be inverted because 
light reflected from the top of the tree moves outward 
in all directions. Rays that enter the hot, less-dense air 
above the sand are refracted upward, entering the eye 


FIGURE 5.14 The road in the photo appears wet because blue Skylight is bending up into the 
camera as the light passes through air of different densities. a 
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FIGURE 5.15 Inferior mirage over hot desert sand. 


from below. The brain is fooled into thinking that 
these rays came from below the ground, which makes 
the tree appear upside down. Some light from the top 
of the tree travels directly toward the eye through air of 


nearly constant density and, therefore, bends very lit- * 


tle. These rays reach the eye “straight-on,” and the tree 
appears upright. Hence, off in the distance, we see a 
tree and its upsidedown image beneath it. (Some of the 
trees in Fig. 5.14 show this effect.) 

The atmosphere can play optical jokes on us in ex- 
tremely cold areas, too. In polar regions, air next to a 
snow surface can be much colder than the air many 
meters above. Because the air in this cold layer is very 
dense, light from distant objects entering it bends to- 
ward the normal in such a way that the objects can ap- 
pear to be shifted upward. This phenomenon is called 
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a superior (upward) mirage. Figure 5.16 shows the 
conditions favorable for a superior mirage. 

A special type of superior mirage is the Fata Mor- 
gana, a mirage that transforms a fairly uniform hori- 
zon into one of vertical walls and columns with spires. 
According to legend, Fata Morgana (Italian for fairy 
Morgan) was the half-sister of King Arthur. Morgan, 
who was said to live in a crystal palace beneath the 
water, had magical powers that could build fantastic 
castles out of thin air. Looking across the Straits of 
Messina (between Italy and Sicily), residents of Reg- 
gio, Italy, on occasion would see buildings, castles, 
and sometimes whole cities appear, only to vanish 
again in minutes. The Fata Morgana is observed 
where the air temperature increases with height above 
the surface, slowly at first, then more rapidly, then 
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FIGURE5.16 The formation of a superior mirage. When cold air lies close to the surface with warm 
air aloft, light from distant mountains is refracted away from the normal as it enters the cold air. This 
causes an observer on the ground to see mountains higher and closer than they really are. 
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FIGURE 5.17 The Fata Morgana mirage over the arctic ice. 


slowly again. ‘Consequently, mirages like the Fata 
Morgana are frequently seen where warm air rests 
above a cold surface, such as in polar regions. (See Fig. 
SSA fi 


=E HALOS, SUNDOGS, AND SUN PILLARS 


A ring of light encircling and extending outward from 
the sun or moon is called a halo (Fig. 5.18). Such adis- 
play is: produced when sunlight or moonlight is re- 
fracted as it passes through ice crystals. Hence, the 
presence of a halo indicates that cirriform clouds are 
present. (See Chapter 7.) 


` 


The most common type of halo is the 22° halo—a ` 


ring of light 22° from the sun or moon.* Such a halo 
forms when tiny suspended ice crystals with diam- 
eters less than 20 pm become randomly oriented as air 
molecules constantly bump against them. The refrac- 
tion of light rays through these crystals forms a halo 
like the one shown in Fig. 5.18. Less common is the 46° 


- halo, which forms in a similar fashion to the 22° halo. - 


(See Fig. 5.19.) With the 46° halo, however, the light is 
refracted through hexagonal column-type ice crystals 
that have the shape of tiny pencils, with diameters ina 
narrow range between about 15 and 25 um. 


*Extend your arm and spread your fingers apart. An angle of 22° is 


about the distance from the tip of the thumb to the tip of the little 
finger. . . 


FIGURE 5.18  A22”halo around the sun, produced by the refraction of 
sunlight through ice crystals. 


Occasionally, a bright arc of light may be seen at the 
top of'a 22° halo. (See Fig. 5.20.) Since the arc is tan- 
gent to the halo, it is called a tangent arc. Apparently, 
the arc forms as large hexagonal pencil-shaped ice 
crystals fall with their long axes horizontal to the 
ground. Refraction of sunlight through the ice crystals 
produces the bright arc of light. When the sun is on the 
horizon, the arc that forms at the top of the halo is 
called an upper tangent arc. When the sun is above the 
horizon, a lower tangent arc may form on the lower 
part of the halo beneath the sun. The shape of the arcs 
change greatly with the position of the sun. 


FIGURE 5.19 The formation of a 22° and a 46° halo. 
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FIGURE 5.20 Halo with an upper tangent arc. 


A halo is usually seen as a bright, white ring, but 
there are refraction effects that can cause it to have 
color. To understand this, we must first examine re- 
fraction more closely. 

When white light passes through a glass prism, it is 
refracted and split into a spectrum of visible colors 
(Fig. 5.21). Each wavelength of light is slowed by the 
glass, but each is slowed a little differently. Because 
longer wavelengths (red) slow the least and shorter 
wavelengths (violet) slow the most, red light bends the 
least, and violet light bends the most. The breaking up 
of white light by “selective” refraction is called dis- 
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persion. As light passes through ice crystals, disper- 
sion causes red light to be on the inside of the halo and 
blue light on the outside. 

When hexagonal platelike ice crystals with diam- 
eters larger than about 30 pm are present in the air, 


they tend to fall slowly and orient themselves horizon- 


tally (Fig. 5.22). (The horizontal! orientation of these 
ice crystals prevents a ring halo.) In this position, the 
ice crystals act as small prisms, refracting and dispers- 
ing sunlight that passes through them. If the sun is 
near the horizon in such a configuration that it, ice 
crystals, and observer are all in the same horizontal 
plane, the observer will see a pair of brightly colored 
spots, one on either side of the sun. These colored 
spots are called sundogs, mock suns, or parhelia 
(meaning “with the sun”). (See Fig. 5.23.) The colors 
usually grade from red (bent least) on the inside 
closest to the sun to blue (bent more) on the outside. . 

While sundogs, tangent arcs, and halos are caused 


by refraction of sunlight through ice crystals, sun pil- 


lars are caused by reflection of sunlight off ice crystals. 
Sun pillars appear most often at sunrise or sunset as a 
vertical shaft of light extending upward or downward 
from the sun. (See Fig. 5.24.) Pillars may form as hexa- 
gonal platelike ice crystals fall with their flat bases 
oriented horizontally. As the tiny crystals fall in still 


FIGURE 5.21 Refraction and dispersion of light through a glass prism. 
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FIGURE 5.22 Platelikeice crystals falling with their flat surfaces parallel 
to the earth produce sundogs. 


- air, they tilt from side to side like a falling leaf. This al- 

lows sunlight to reflect off the tipped surfaces of the 
crystals, producing a relatively bright area in the sky 
above the sun. Pillars may also form as sunlight re- 
flects off hexagonal pencil- shaped ice crystals. that fall 
with their long axes oriented horizontally. As these 
crystals fall, they can rotate about their horizontal 
axes, producing many orientations that reflect sun- 
light. So, look for sun pillars when the sun is low 
‘on the how Zon and cirriform (ice crystal) clouds are 
present, 


m eave Wes L 


Now we come to one of the most spectacular light 
shows observed on the earth—the rainbow. Rainbows 
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occur when rain is falling in one part of the sky, and 


the sun is shining in another. (Rainbows also may 
form by the sprays from waterfalls and water sprin- 


klers.) To see the rainbow, we must face the falling 
rain with the sun at our backs. Look at Fig. 5.25 closely 
and note that, when we see a rainbow in the evening, 


we are facing east toward the rainshower. Behind us— 


in the west—it is clear. Because clouds tend to move 
from west to east in middle latitudes, the clear skies in 
the west suggest that the showers will give way to 
clearing. However, when we see a rainbow in the 
morning, we are facing west, toward the rainshower. It 
is a good bet that the clouds and showers will move 
toward us and it will rain soon. These observations 
explain why the following weather rhyme became 
popular: | | 


FIGURE 5.23 A sundog photographed at Bartlett Cove, Glacier Bay, Alaska. 


Rainbow in morning, sailors take warning 
Rainbow at night, a sailor's delight.* 


When we look at a rainbow we are looking at sun- 
light that has entered the falling drops, and, in effect, 
has been redirected back toward our eyes. Exactly how 
this process happens requires some discussion. _ 

As sunlight enters a raindrop, it slows and bends, 
with violet light refracting the most and red light the 
least. (Fig. 5.26.) Although most of this light passes 
right on through the drop and is not seen by us, some 
of it strikes the backside of the drop at such an angle 
that it is reflected within the drop. The angle at which 


*This rhyme is often used with the words “red sky” in the place of 


rainbow. The red sky makes sense when we consider that it is the 
result of red light from a rising or setting sun being reflected from 
the underside of clouds above us. In the morning, a red sky indi- 
cates that it is clear to the east and cloudy to the west. A red sky in 
the evening suggests the opposite. l 
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FIGURE 5.24 Asun pillar produced by the reflection of sunlight office 
crystals. l : i 
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FIGURE 5.25 When you observe a rainbow, the sun is always to your back. In middle latitudes a 


rainbow in the evening indicates that clearing weather is ahead. 
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FIGURE 5.26 Sunlight internally reflected and dispersed by a 
` raindrop. (a) The light ray is intemally reflected only when it strikes the 
_ backside of the drop at an angle greater than the critical angle for water. 
- (b) Refraction of the light as it enters the drop causes the point of 
“reflection (on the back of the drop) to be different for each color. Hence, 


the colors are separated from each other when the light emerges from. 


- the raindrop. 


this occurs is called the critical angle. For water, this 
angle is 48°. Light that strikes the back of a raindrop at 
an angle exceeding the critical angle, bounces off the 
back of the drop and is internally reflected toward our 
eyes. Because each light ray bends differently from the 
_Test, each ray emerges from the drop ata slightly differ- 
ent angle. For red light, the angle is 42° from the beam 
of sunlight; for violet light, it is 40°. (See Fig. 5.26b.) 
The light leaving the drop is, therefore, dispersed into 
a spectrum of colors from red to violet. Since we see 
only a single color from each drop, it takes myriads of 
raindrops (each refracting and reflecting light back to 
our eyes at slightly different angles) to produce the 
brilliant colors of a primary rainbow. 

Figure 5.26 might lead us erroneously to believe that 
red light should be at the bottom of the bow and violet 
at the top. A more careful observation of the behavior 
of light leaving two drops (Fig. 5.27) shows us why the 
reverse is true. When violet light from the lower drop 
reaches an observer's eye, red light from the same drop 
ig incident elsewhere, toward the waist. Notice that 


t 


FIGURE 5.27 The formation of a primary 
rainbow. The observer sees red light from the 
upper drop and violet light from the lower drop. 


red light reaches the observer’s eye from the higher 
drop. Because the color red comes from higher drops 
and the color violet from lower drops, the colors of a 
primary rainbow change from red on the outside (top) 
to violet on the inside (bottom). 

- Frequently, a larger second (secondary) rainbow 
with its colors reversed can be seen above the primary 


FIGURE 5.28 A primary and a secondary 
rainbow. 


Sunlight 


RAINBOWS a 129 


‘bow. (See Fig. 5.28.) Usually this secondary bow. is 


much fainter than the primary one. The secondary 
bow is caused when sunlight enters the raindrops at an 
angle that allows the light to make two internal reflec- 
tions in each drop. Each reflection weakens the light 
intensity and makes the bow dimmer. Figure 5.29 
shows that the color reversals—with red now at the 
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FIGURE 5. 29 Two internal reflections are e responsible for the weaker 
secondary rainbow. 


Observer 


bottom and violet on top—are due to the way the light 
emerges from each drop after going through two inter- 
nal reflections. 

As you look at a rainbow, keep in mind that only one 
ray of light is able to enter your eye from each drop. 
Everytime you move, whether it be up, down, or side- 
ways, the rainbow moves with you. The reason why 
this happens is that, with every movement, light from 


different raindrops enters your eye. The bow you seeis : 


not exactly the same rainbow that the person standing 
next to you sees. In effect, each of us has a personal 
rainbow to ponder and enjoy! 


- © CORONAS, GLORIES, AND HEILIGENSCHEIN © 


When the moon is seen through a thin veil of clouds 
composed of tiny spherical water droplets, a bright 
ring of light, called a corona (meaning crown), may ap- 
pear to rest on the moon (Fig. 5.30). The same effect 
can occur with the sun, but, due to the sun’s bright- 
ness, it is usually. difficult to see. 

` The corona is due to diffraction—the bending of 
light as it passes around objects. To understand the 
corona, imagine water waves moving around a small 
stone in a pond. As the waves spread around the stone, 
the trough of one wave may meet the crest of another 
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wave. This situation results in the waves canceling 
each other, thus producing calm water. (This is known 
as destructive interference.) Where two crests come 
together (constructive interference), they produce a 
much larger wave. The same thing happens when light 
passes around tiny cloud droplets. Where light waves 
constructively interfere, we see bright light; where de- 
structive interference occurs, we see darkness. Some- 
times, the corona appears white, with alternating 
bands of light and dark. On other occasions, the rings 
have color. 

The colors appear when the cloud droplets (or any 
kind of small particles) are of uniform‘ size. Because 
the amount of bending due to diffraction depends 
upon the wavelength of light, the shorter wavelength 
blue light appears on the inside of a ring, while the 
longer wavelength red light appears on the outside. 
These colors may repeat over and over, becoming 
fainter as each ring is farther from the moon or sun. 
(See Fig. 5.31.) Also, the smaller the cloud droplets, 
the larger the ring diameter. Therefore, clouds that 
have recently formed (such as thin altostratus and al- 
tocumulus) are the best corona producers. 

When different size droplets exist within a cloud, 
the corona becomes distorted and irregular. Some- 
times the cloud exhibits patches of color, often pastel 


FIGURE 5.30 Corona around the moon, resulting from the diffraction 
of light by tiny liquid cloud droplets of uniform size. 


FIGURE 5.31 Corona around the sun. This type of corona, called 
Bishop’s ring, is the result of diffraction of sunlight by tiny volcanic 
particles emitted from the volcano El Chichón in 1982. 


shades of pink, blue, or green. These bright areas pro- 
duced by diffraction are called iridescence. Cloud 
iridescence is most often seen within 20° of the sun. 
Like the corona, the glory is also a diffraction 
phenomenon. When an aircraft flies above a cloud 
layer composed of water droplets less than 50 pm in 
diameter, a set of colored rings, called the glory, may 
appear around the shadow of the aircraft. The same ef- 
fect can happen when you stand with your back to the 
sun and look into a cloud or fog bank, as a bright ring of 
light may be seen around the shadow of your head. In 
this case, the glory is called the brocken bow, after the 


Brocken Mountains in Germany, where it is partic- — 


ularly common. 

For the glory and the brocken bow to occur, the sun 
must be to your back, so that sunlight can be returned 
to your eye from the water droplets. Sunlight that en- 
ters the small water droplet along its edge is refracted, 
then reflected off the backside of the droplet. The light 
then exits at the other side of the droplet, being re- 
fracted once again (Fig. 5.32). However, in order for 
the light to be returned to your eyes, the light actually 
clings ever so slightly-to the edge of the droplet—the 
light actually skims along the surface of the droplet as 
a surface wave for a short distance. Diffraction of light 
coming from the edges of the droplets produces the 
ring of light we see as the glory and the brocken bow. 
The colorful rings may be due to the various angles at 
which different colors leave the droplet. 
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FIGURE 5.32. Light that produces the glory follows this path in a water 
droplet. 


On a clear morning with dew on the grass, stand fac- 
ing the dew with your back to the sun and observe that, 
around the shadow of your head, is a bright area—the 
Heiligenschein (German for halo). The Heiligenschein 
forms when sunlight, which falls on nearly spherical 
dew drops, is focused and reflected back toward the 
sun along nearly the same path that it took originally. 
(Light reflected in this manner is said to be retrore- 
flected.) The light, however, does not travel along the 
exact path; it actually spreads out just enough to be 
seen as bright white light around the shadow of your 
head on a dew-covered lawn. (See Fig. 5.33.) 


FIGURE5.33 The Heiligenscheinis the ring of light around the shadow 
of the observer's head... 
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The scattering of sunlight in the atmosphere can pro- 


‘duce a variety of atmospheric visuals from hazy days ` 


and blue skies to crepuscular rays and blue moons. Re- 
fraction of light by the atmosphere causes stars near 
the horizon to appear higher than they really are. It 
also causes the sun and moon to rise earlier and set 
later than they otherwise would. Mirages form when 
refraction of light displaces objects from their true po- 
sitions. Inferior mirages cause objects to appear lower 
than they really are, while superior mirages displace 


objects upward. The Fata Morgana transforms a fairly - 


flat landscape into one of castles and columns. 
Halos and sundogs form from the refraction of light 
through ice crystals. Sun pillars are the result of sun- 


i KEY TERMS : 

The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 
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light reflecting off gently falling ice crystals. The re- 
fraction, reflection, and dispersion of light in. rain- 
drops create a rainbow. To see a rainbow, the sun must 
be to your back, and rain must be falling in front of 
you. 

Diffraction of light produces coronas, glories, and 
cloud iridescence. We can see the Heiligenschein 
when morning sunlight falls on nearly spherical dew 
drops. Under certain atmospheric conditions, the am- 
plification of green light near the upper rim of a rising 
or setting sun produces the illusive green flash. 


reflected light green flash tangent arc diffraction 
scattered light mirage dispersion (of light) iridescence 
crepuscular rays inferior mirage A or parhelia glory 
refraction (of light) superior mirage sun pillars brocken bow 
scintillation = =, ` Fata Morgana rainbow Heiligenschein 
twilight ` halo corona | 


m QUESTIONS FOR REVIEW 


1. Why do the undersides of cumulus clouds in the 
process of building frequently change color from 
white to dark gray or even black? _— l 

. 2. Explain why the sky is blue during the day and 
black at night. e M = 
3. What can makea setting sun appear red? - 
. Why do stars “twinkle”? i A 
5. How does light bend as it enters a more-dense sub- 
stance at an angle? How does it bend upon leaving 
the more-dense substance? Make a sketch to illus- 
trate your answer. 
6. Since twilight occurs without the sun being visi- 
ble, how does it tend to lengthen the day? 


> 


7. On a clear, dry, warm day, why do dark road sur- 
faces frequently appear wet? 
8. What atmospheric conditions are necessary for an 
inferior mirage? A superior mirage? 
9. Describe how a halo forms. How is the formation 
of the halo different from that of a sundog? 
10. Explain how sun pillars form. 
11. Explain the rhyme below: 


Rainbow in morning, joggers take warning 
Rainbow at night (evening), jogger's delight. 


12. Why are secondary rainbows higher and much 
dimmer than primary rainbows? Explain your an- 
swer with the aid of a diagram. 


13. Explain how light is able to reach your eyes when 


E 


l. 


10. 


you see (a) a corona, (b) a glory, and (c) the Heil- 


- igenschein. 


QUESTIONS FOR THOUGHT 


Explain why on a cloudless day the sky will usu- 
ally appear milky-white before it rains and a deep 
blue after it rains. 


. How long does twilight last on the moon? - 
. Why is it often difficult to see the road while driv- 


ing on a foggy night with your high beam lights on? 


_ What would be the color of the sky if air molecules 


scattered the longest wavelengths of visible light 
and passed the shorter wavelengths straight 
through? (Use a diagram to help explain your 
answer.) 


. Explain why the colors of the planets are not re- 
lated to the temperatures of the planets, while the 


colors of the stars are related to the temperatures of 
the stars. | 


. If there were no atmosphere surrounding the 


earth, what color would the sky be at sunrise? At 


sunset? What color would the sun be at noon? At . 


_ sunrise? At sunset? i 


. Why are we able to see the sun during the day, but 


not the other stars in the sky? 


. Why are rainbows seldom observed at noon? 
. On a cool, clear summer day, a blue haze often ap- 


pears over the Great Smoky Mountains of Tennes- 
see. Explain why the blue haze usually changes to 
a white haze as the humidity of the air increases. 

During a lunar eclipse, the earth, sun, and moon 
are aligned as shown in the diagram below. The 
earth blocks sunlight from directly reaching the 
moon's surface, yet the surface of the moon will 
often appear a pale red color during a lunar 
eclipse. How can you account for this phenom- 


` enon? 


11. 


12. 


13. 


14. 


SUMMARY m 133 


Explain why smoke rising from a cigarette often 
appears blue, yet appears white when blown from 
the mouth. 

During Ernest Shackleton’s. last expedition to 
Antarctica, on May 8, 1915, seven days after the . 
sun had set for the winter, he saw the sun reap- 
pear. Explain how this event—called the Novaya 
Zemlya effect—can occur. . = 
Explain why it is easier to get sunburned ona high | 
mountain than in the valley below. (The answer is 
not that you are closer to the sun on top of the 
mountain.) 

Why are stars more visible on a clear night when 
there is no moon than on a clear night with a full - 
moon? i 


E PROBLEMS AND EXERCISES 


1. 


At least 5 times a day go outside and gaze at the sky. 
In a notebook record what you see. You will be 


‘amazed at what is there—crepuscular rays, halos, 


coronas, cloud iridescence, red sunsets, white hori- ` 
zons, and more. ON 


. Make your own rainbow. On a sunny afternoon or 


morning, turn on the water sprinkler to create a 
spray of water drops. Stand as close to the spray as 
possible (without getting soaked) and observe that, 
as you move up, down, and sideways, the bow — 
moves with you. (a) Explain why this happens. 
(b) Also, explain with the use of a diagram why the | 
sun must be at your back in order to see the bow. 


. Take a large beaker or bottle and fill it with water. 


Add a small amount of nonfat powdered milk and 
stir until the water turns a faint milky white. Shine 
white light into the beaker, and, on the opposite 
side, hold a white piece of paper. (a) Explain why 
the milk has a blue cast to it and why the light shin- 
ing on the paper appears ruddy. (b) What do you 
know about the size of the milk particles? (c) Is this 
a form of Rayleigh scattering or Mie scattering? Ex- 
plain. (d) How does this demonstration relate to the 
color of the sky and the color of the sun, at sunrise 


- and sunset? 


Drought-resistant vegetation struggles to survive anoth 
Yet, on any summer day, 


er day on the arid plateau of Nevada. 


thereis actually more water vapor in the air of this desert than there 
is in the air of a wet New England snowstorm. (Photo by author) 
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Sometimes it rains and still fails to moisten the desert—the 
falling water evaporates halfway down between cloud and 
earth. Then you see curtains of blue rain dangling out of reachin 
the sky while the living things wither below for want of water. 
Torture by tantalizing, hope without fulfillment. And the clouds 
disperse and dissipate into nothingness. . . . The sun climbed 
noon-high, the heat grew thick and heavy on our brains, the 
dust clouded our eyes and mixed with our sweat. My canteen is 
nearly empty and I'm afraid to drink what little water is 
left—there may never be any more. l'd like to cave infor awhile, 
crawl under yonder cottonwood and die peacefully in the 
shade, drinking dust. | 


Edward Abbey, Desert Solitaire—A Season in the Wilderness 


Humidity refers to any one of a number of ways of 
specifying the amount of water vapor in the air. To 
most of us, a moist day suggests high humidity. How- 
ever, there is usually more water vapor in the hot, 
“dry” air of the Sahara Desert than inthe cold, “damp” 
polar air in New England. Does this mean that desert 
air has a higher humidity? The answer is both yes and 
no, depending on the type of humidity we mean. 
There are several ways to express atmospheric water 
vapor content; hence, there are several meanings for 
the concept of atmospheric humidity. 


=E ABSOLUTE HUMIDITY 


Suppose we measure the water vapor in a parcel of air 
about the size of a large balloon. With a chemical dry- 
ing agent, we can extract the vapor from the air, weigh 
it, and obtain its mass. If we then compare the vapor's' 
mass with the volume of air in the parcel, we would 
have determined the absolute humidity of the air— 
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Parcel | H,O vapor | Absolute 
size content humidity 
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FIGURE 6.1 With the same amount of water vapor in a parcel of air, an 
increase in volume decreases absolute humidity, while a decrease in 
volume increases absolute humidity. j 


that is, the mass of water vapor in a given volume of 
air: 


l :mass of water vapor 
Absolute humidity = eae See 
volume of air 


Absolute humidity represents the density of water 
vapor in the parcel and, normally, is expressed as 
grams of water vapor in a cubic meter of air. For exam- 
ple, if the water vapor in 1 cubic meter of air weighs 25 
grams, the absolute humidity of the air is 25 grams per 
cubic meter (25 g/m’). "K i 

We learned in Chapter 2 that a rising or descending 
parcel of air will experience a change in its volume be- 
cause of the changes in surrounding air pressure. Con- 
sequently, when a volume of air fluctuates, the abso- 
lute humidity changes—even though the air’s vapor 
content has remained constant (Fig. 6.1). For this 


reason, the absolute humidity is not commonly used -.. 


in atmospheric studies. : 


E SPECIFIC HUMIDITY AND MIXING RATIO 
Humidity, however, can be expressed in ways that are 


not influenced by changes in air volume. When the 
mass of the water vapor in an air parcel is compared 


Weight of 
H-O vapor 


Specific 
humidity 


Weight of 
parcel 


88 Pg l kg lg 1 g/kg. 
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FIGURE 6.2 The specific humidity does not change as air rises and 
descends. oe 


with the mass of all the air in the parcel (including 
vapor), the result is called the specific humidity: 
Specidelhurnidigy = mass of water ae A 
i total mass of air 

Another convenient way to express humidity is to 
compare the mass of the water vapor inthe parcel to 
the mass of the remaining dry air. This is called the 
mixing ratio: k 

ae... ; mass of water vapor | 
Mixing ratio = ———_——__—__ + 
mass of dry air 
Both specific humidity and mixing ratio are expressed 
as grams of water vapor per kilogram of air (g/kg). 

The specific humidity and mixing ratio of an air par- 
cel remain constant as long as water vapor is not 
added to or removed from the parcel. This happens 
because the total number of molecules (and, hence, 
the mass of the parcel) remains constant, even as the 
parcel expands or contracts (Fig. 6.2). Since changes 


in parcel size do not affect specific humidity and mix- 


- ing ratio, these two concepts are used extensively in 


the study of the atmosphere. 


~ 


`~ 


In Chapter 2, we learned an important fact: Warm ` 


air has a greater capacity for water vapor than does 
cold air. The reason for this phenomenon is that the 
temperature of the air is a measure of the average ki- 
netic energy (average speed) of its molecules. Higher 
temperatures correspond to higher average speeds. 
Therefore, at high air temperatures, condensation— 


` thatis, the joining of many billions of water vapor mol- 


ecules to make droplets of liquid water—is less likely 
because most of the molecules have sufficient speed 
(sufficient energy) to remain as a vapor. As the air tem- 
perature lowers, the average speed of the molecules 
decreases and, hence, fewer molecules have sufficient 
energy to remain in the air as a vapor. However, even 
when the air temperature drops to very low readings, 
there will always be a few molecules moving fast 
enough to remain as water vapor. Notice in Fig. 6.3 
how rapidly the air’s capacity for water vapor in- 


creases as the air temperature goes up. A cubic meter . 


of air at 35°C (95°F) can hold about 4 times as much 
water vapor as air at 10°C (50°F).* 


*Perhaps the use of such words as “hold” and “capacity” are mis- 
leading when describing water vapor content in relation to air tem- 


perature, as air does not really hold water vapor in the sense of mak- 


ing “room” for it. As we will see later, another way of explaining 
why cooling produces condensation is that the saturation vapor 
pressure decreases with lower temperatures. : 


Figure 6.4 shows how specific humidity varies with 
latitude. The-average specific humidity is highest in 
the warm, muggy tropics. As we move away from the 
tropics, it decreases, reaching its lowest average value 
in the polar latitudes. Although the major deserts of 
the world are located near latitude 30°, Fig. 6.4 shows 
that, at this latitude, the average air contains nearly 
twice the water vapor that the air at latitude 50°N con- 
tains. Hence, the air of a desert is certainly not “dry,” 
nor is the water vapor content very low. Since the hot, 
desert air of the Sahara often contains more moisture 
than the cold, polar air farther north, we can say that 
summertime Sahara air has a higher specific humid- 
ity. (We will see later in what sense we consider desert 
air to be “dry.”) — 


<= 
> 


“4 VAPOR PRESSURE 


The air’s moisture content may also be described by 
measuring the pressure exerted by the water vapor in 
the air. Suppose we have a parcel of air with some 
water vapor. We know that the total pressure inside 
the parcel is due to the collision of all the molecules 
against the inside surface of the parcel. In other words, 
‘the total pressure inside the parcel is equal to the sum 
of the pressures of the individual gases.* If the total 
pressure inside the parcel is 1000 millibars (mb) and 
the gases inside include nitrogen (78 percent), oxygen 


(21 percent), and water vapor (1 percent), then the par- | 


tial pressure exerted by nitrogen would be 780 mb and 
that exerted by oxygen, 210 mb. The partial pressure of 
water vapor, called the actual vapor pressure, would 
only be 10 mb. Therefore, because the number of water 
vapor molecules in any volume of air is small com- 
pared with the total number of air molecules in the 
volume, the actual vapor pressure is normally a small 
fraction of the total air pressure. l 
Everything else being equal, the more air molecules 
in a parcel, the greater the total air pressure. When you. 
blow up a balloon, you increase its pressure by putting 
in more air. Similarly, an increase in. the number of 
water vapor molecules will increase the total vapor . 
pressure. Hence, the actual vapor pressure is a fairly 
good measure of the total amount of water vaporinthe 
air: High actual vapor pressure indicates large num- 
bers of water vapor molecules, while low actual vapor 


*This is known as Dalton's law of partial pressure. 
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Water vapor capacity 


Grams per cubic meter (g/m?) 


(°C) -5f @ 7. 10 15 20 25 30: 36,40 
(°F) 423 32 41 50 59 68 77 86 95 104 


Temperature 


FIGURE 6.3 Air's capacity for water vapor increases as the air 
temperature increases. The heavy line shows the saturation absolute 
humidity. Note that air with a temperature of 35°C can hold about 4 
times more water vapor than can air at 10°C. 


Specific humidity (g/kg) 


60° 50° 40° 30° 20° 10°: 0° 10° 20° 30° 40° 50°60° 
North Latitude South 


FIGURE 6.4 The average specific humidity for each latitude. The 
highest average values are observed in the tropics and the lowest 
values in polar regions. 
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FIGURE 6.5 Average water vapor pressure l 
near the earth’s surface in millibars for the 6 
month of January. ; 


FIGURE 6.6 Average water vapor pressure 
near the earth’s surface in millibars for the 
month of July. : 


A i NS SS Os __ “New Orleans 


pressure indicates comparatively small numbers of 
vapor molecules.* 

Figure 6.5 shows the vapor pressures (expressed in 
millibars) over the United States for an average Janu- 
ary. The amount of vapor in the air is greatest in the 
Gulf Coast states and lowest in the interior. Compare 
New Orleans with Omaha. Cold, dry winds from 
northern Canada flow relentlessly into the Central 
Plains during the winter, keeping this area dry. But 
warm, moist air from the Gulf of Mexico helps main- 
tain a higher vapor pressure in the South. 

Figure 6.6 is a similar diagram showing the average 
vapor pressure for July. Again, the greatest vapor pres- 
sures are observed along the Gulf Coast. Note, too, that 
air over the eastern and central portion of the country 
in July contains between 3 and 6 times more moisture 
than it does in January. Compare St. Louis in July and 
January. Since cold air no longer moves in from 
Canada, the warm July air constantly receives water 
vapor from the moist breezes that move northward 
from the Gulf of Mexico. The Great Basin region aver- 
ages the lowest values witha minimum occurring over 
Nevada, an area surrounded by mountains that effec- 
tively shield it from significant amounts of moisture 
moving in from the southwest and northwest. 

Actual vapor pressure indicates the air’s total vapor 
content, Saturation vapor pressure describes how 
much water vapor the air could hold at any tempera- 
ture. Put another way, saturation vapor pressure is the 
pressure that water vapor molecules would exert if the 
air were saturated with vapor at a given temperature. 
The saturation vapor pressure, then, depends primar- 
ily on air temperature. If we examine Fig. 6.7 we see 
that, as the air temperature increases, more vapor is re- 
quired to saturate the air. The increased vapor exerts 
more pressure, SO the saturation vapor pressure goes 
up. In cooler air, fewer vapor molecules are required to 
saturate air, and the saturation vapor pressure goes 
down. From the graph in Fig. 6.7, determine the sat- 
uration vapor pressure for air at a temperature of 10°C 
(50°F). 

The insert in Fig. 6.7 shows that, when both water 
and ice exist at the same temperature below freezing, 


*Remember that actual vapor pressure is only an approximation of 
the total vapor content. A change in total air pressure will affect the 
actual vapor pressure even though the total amount of water vapor 
in the air remains the same. 


+Answer: Approximately 12 mb. 
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FIGURE 6.7 Saturation vapor pressure increases with rising 
temperature. Observe that, at below freezing temperatures, the . 


- saturation vapor pressure is greater over water than over ice. 


the saturation vapor pressure just above the water is 
greater than the saturation vapor pressure over the 
ice. In other words, at any temperature below freezing, 


“it takes more vapor molecules to saturate air directly 


above water than it does to saturate air directly above 
ice. This fact is extremely important and—as we will 
see in the chapter on precipitation—one that plays a 
major role in the process of rain formation. 

So far, we've described the amount of moisture actu- 
ally in the air. If we want to report the moisture con- 
tent of the air around us, we have several options: 


1. Absolute humidity tells us the mass of water vapor 
ina fixed volume of air, or the water vapor density. 

2. Specific humidity measures the mass of water 
vapor in a fixed total mass of air, and the mixing - 
ratio describes the mass of water vapor in a fixed 
mass of the remaining dry air. 

3. The actual vapor pressure of air expresses the 
amount of water vapor in terms of the amount of 
pressure that the water vapor molecules exert. 


Each of these measures has its uses but, as we will see, 
the concepts of vapor pressure and saturation vapor 
pressure are critical to an understanding of the sec- 
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tions that follow. (Before looking at the most com- 


monly used moisture variable—relative humidity— 
you may wish to read the Focus section on vapor pres- 
sure and boiling p. 142.) . Tis 


® RELATIVE HUMIDITY. 


While relative humidity is the most commonly used 
way of describing atmospheric moisture, it is also, un- 
fortunately, the most misunderstood. The concept of 


relative humidity may at first seem confusing because 


it does not indicate the actual amount of water vapor 
in the air. Instead, it tells us how close the air is to 
being saturated. The relative humidity is the ratio of 
the amount of water.vapor actually in the air com- 
- pared to the maximum amount of water vapor re- 
quired for saturation at that particular temperature 
(and pressure). It is the ratio of the air’s water vapor 
content to its capacity: 


8 un water vapor content 
Relative humidity = ===. 
water vapor capacity 


Because the actual vapor pressure is a measure of the 
air's actual water vapor content, and because the sat- 
uration vapor pressure is a measure of air’s total capa- 


city for water vapor, relative humidity (RH) can beex- 


-pressed as: 


actual vapor pressure r 
RH = === x 100 percent. * 
saturation vapor pressure 


Relative humidity is given as a percent. Air with a 
50 percent relative humidity actually contains one- 


half the amount required for saturation. Air witha 100 


_ percent relative humidity is said to be saturated be- 
cause it is filled to capacity with water vapor. Since 
relative humidity is used so much in the everyday 
_ world, let's examine it more closely. . ; 

If we increase or decrease the amount of water vapor 
in the air, the relative humidity will change. To illus- 


trate this, suppose we think of a parcel of air as a` 
sponge with a maximum capacity of 10 grams (g) of : 


*Relative humidity may also be expressed as: 


actual mixing ratio À 
= ——— X 100 percent. 
saturation mixing ratio 


water vapor. (Of course, we know that the air really 
doesn’t behave in this manner, so keep in mind.that 
this is only an analogy.) Suppose further that we keep 
the parcel’s temperature constant, so that its capacity 


for water vapor does not change. Assume the air parcel 


is initially completely dry and, thus, has a relative 
humidity of 0 percent. Now, we add a single gram of 
water vapor to the air. The air now holds one-tenth of 
its capacity for water vapor, and so the relative humid- 
ity is 10 percent. If 4 g more of vapor are added, the air 
now contains 5 g of water vapor, and the relative hu- 
midity increases to 50 percent. Adding 5 g more 
would make a total of 10 gof water vapor. The air par- 
cel would be saturated, and its relative humidity 
would be 100 percent. So, adding water vapor into air 
that has a constant temperature will increase that air’s 
relative humidity. Likewise, removing water vapor 
from the same air will decrease the relative humidity. 

It is also possible to change the relative humidity 


- without changing the air’s water vapor content. For 


example, a change in air temperature can bring abouta 


change in relative humidity. This happens because a 


change in air temperature alters the air's capacity for’ 
holding water vapor. We can see from the left-hand 
column of Fig. 6.8 that, at 10°C, the water vapor capa- 
city of the air parcel is 9 g, producing arelative humid- 
ity of %, or 100 percent. Suppose the air warms to 
20°C (middle column, Fig. 6.8). We can see that, at 
20°C, the air’s capacity for holding water vapor in- 
creases to 17 g. If the actual water vapor content re- 
mains at 9 g, then the air is holding less of what it 
could hold, and the relative humidity decreases to %17, 
or 53 percent. Warming the air to 30°C (right-hand col- 
umn, Fig. 6.8) raises the air’s capacity for water vapor 
to 30 g, which lowers the relative humidity to %o, or 
30 percent. The opposite effect occurs as air cools: As 
the air temperature drops (with no change in water 
vapor content), the relative humidity increases be- 
cause the air is approaching saturation. 

In many places, the air’s total vapor content varies 


only slightly during an entire day, and so it is the 


changing air temperature that primarily regulates the 
daily variation in relative humidity (Fig. 6.9). As the 
air cools during the night, the relative humidity in- 
creases. Normally, the highest relative humidity oc- 
curs in the early morning, during the coolest part of 
the day. As the air warms during the day, the relative 
humidity decreases, with the lowest values usually 
occurring during the warmest part of the afternoon. 
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9/30=30% 


FIGURE 6.8 A change in air temperature (with no change in the air's water vapor content) will 


change the relative humidity. 


These changes in relative humidity are importantin 
determining the amount of evaporation from vegeta- 
tion and wet surfaces. Warm air with a low relative 
humidity has a large capacity for additional water 
vapor. If you water your lawn ona hot afternoon, when 
the relative humidity is low, much of the water will 
evaporate quickly from the lawn, instead of soaking 
into the ground. Watering the same lawn in the eve- 
ning, when the relative humidity is higher, will cut 
down the evaporation and increase the effectiveness 
of the watering. 
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FIGURE 6.9 When the air is cool (moming), the relative humidity is 
high. When the air is warm (afternoon), the relative humidity is low. 


RELATIVE HUMIDITY IN THE HOME Question: How 
does the relative humidity of the winter air in your 
home compare with that in the Sahara Desert? Some 
homes actually have a lower relative humidity than 
the desert, and the inhabitants are usually unaware of 
it. Remember that cold arctic air contains only a little 
water vapor. Even when saturated, air with a tempera- 
ture of —25°C (—13°F) only holds 0.5 g of water vapor 
in each kilogram of air. When this air is brought in- 
doors and heated to 20°C (68°F), its water vapor Capa- 
city increases to 14.7 g/kg—over 29 times what it was 
outside. The relative humidity of the heated air inside 
the house drops to 3 percent.* This relative humidity 
is lower than you would normally experience in a 
desert during the hottest time of the day! 

- Very low relative humidities in a house can have an 
adverse effect on things living inside. For example, 
house plants have a difficult time surviving because 
the moisture from their leaves and the soil evaporates 
rapidly. Hence, house plants usually need watering 
more frequently in winter than in summer. People suf- 


*0.5 g = actual vapor present 
E 0.03, or 3 percent. 
14.7 g = capacity . 
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Ifyou camp in the mountains, you may 

have noticed that, the higher you camp, 

the longer it takes vegetables to cook in 

boiling water, To understand this, we 

need to examine the relationship between 

vapor pressure and boiling. As water 750 
boils, bubbles of vapor rise to the top of 
the liquid and escape. For this to occur, 
the saturation vapor pressure exerted by 
the bubbles must equal the pressure of 
the atmosphere; otherwise, the bubbles 

~ would collapse. Boiling, therefore, occurs. 
when the saturation vapor pressure of the 

- escaping bubbles is equal to the total 


800 


850 


atmospheric pressure. T 
Because the saturation vapor pressure E 
. is directly related to the temperature of the Sy 
_ liquid, higher water temperatures E 


produce higher vapor pressures. Hence, 900 
_ any change in atmospheric pressure will 
- Change the temperature at which water 
boils: An increase in air pressure raises the 
boiling point, while a decrease in air 
- pressure lowers it. Notice in Fig. 1 that, to 
make pure water boil at sea level, the 
_. water must be heated to a temperature of 
100°C (212°F). At Denver, Colorado, 
_ which is situated about 1500 m (5000 ft) 1000 l 
- above sea level, the air pressure is near 92 9S 9% 9 96 97 98 
850 mb, and water boils at 95°C (203°F).. Boiling point temperature (°C) 
Once water starts to boil, its tempera- 
ture remains constant, even if you 
continue to heatit. This happens because 


Boiling point =100°C 


950 


FIGURE1 The lower the air pressure, the lower the saturation vapor pressure and, hence, 
- the lower the boiling point temperature. 


energy supplied to the water is used to cooked, they must boil for a longer time tohard boil an egg. An egg boiled for five 
convert the liquid to a gas (steam). Now because the boiling water is cooler than at - minutes in the “mile high city” of Denver, 
we can see why vegetables take longer to lower levels. In New York City, which is -Colorado, tums out to be runny. 


cook in the mountains. To be thoroughly near sea level, it takes about five minutes 


fer, too, when the relative humidity is quite low. The 
rapid: evaporation of moisture from exposed flesh 
causes skin to crack, dry, flake, or itch. These low 


humidities also irritate the mucous membranes in the” 


nose and throat, producing an “itchy” throat. Simi- 
larly, dry nasal passages permit inhaled bacteria to in- 
cubate, causing persistent infections. The remedy for 
most of these problems is simply to increase the rela- 
tive humidity. But how? l 

The relative humidity in a home can be increased 
just by heating water and allowing it to evaporate into 
the air. This will raise the relative humidity to a more 
comfortable level. In modern homes, a humidifier, in- 
stalled near the furnace, adds moisture to the air at a 
rate of about one gallon per room per day. The air, with 
its added moisture, is circulated throughout the home 
by a forced air heating system. In this way, all rooms 
get their fair share of moisture—not just the room 
where the vapor is added. 


To lower the air’s moisture content, as well as the air 
temperature, many homes are air conditioned. Out- : 


side air cools as it passes through a system of cold coils 
located in the air conditioning unit. The cooling in- 
creases the air’s relative humidity, and the air reaches 
saturation. The water vapor condenses into liquid 
water, which is carried away. The cooler, dehumid- 
ified air is now forced into the home. | 

In hot regions, where the relative humidity is low, 
evaporative cooling systems can be used to cool the 
air. These systems operate by having a fan blow hot, 
dry outside air across pads that are saturated with 
water. Evaporation cools the air, which is forced into 
the home, bringing some relief from the hot weather. 

Evaporative coolers, also known as “swamp” cool- 
ers, work best when the relative humidity is low and 
the air is warm. They do not work well in hot, muggy 
weather because a high relative humidity greatly re- 
duces the rate of evaporation. Besides, swamp coolers 
add water vapor to the air—something that is not 
needed when the air is already uncomfortably humid. 
That is why swamp coolers may be found on homes in 
Arizona; but not on homes in Alabama. 


RELATIVE HUMIDITY AND HUMAN DISCOMFORT On a 
hot, muggy day when the relative humidity is high, it 
is common to hear someone exclaim (often in exasper- 
ation), “It's not so much the heat, it’s the humidity.” 
Actually, this statement is valid. In warm weather the 
main source of body cooling is through evaporation of 
perspiration. When the air temperature is high and the 
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relative humidity low, perspiration on the skin evapo- 
rates quickly, often making us feel that the air temper- 
ature is lower than it really is. However, whenboththe 
air temperature and relative humidity are high and the 
air is nearly saturated with water vapor, body mois- 
ture does not readily evaporate; instead, it collects on 
the skin as beads of perspiration. Less evaporation 
means less cooling, and so we usually feel warmer 
than we did witha similar air temperature, but a lower 
relative humidity. 

A good measure of how cool the skin can become is 
the wet-bulb temperature—the lowest temperature 
that can be reached by evaporating water into the air. 
On a hot day when the wet-bulb temperature is low, 
rapid evaporation (and, hence, cooling) takes place at 
the skin’s surface. As the wet-bulb temperature ap- 
proaches the air temperature, less cooling occurs, and 
the skin temperature may begin to rise. When the wet- 
bulb temperature exceeds the skin’s temperature, no 
net evaporation occurs, and the body temperature can 
rise quite rapidly. Fortunately, most of the time, the 
wet-bulb temperature is considerably below the tem- 
perature of the skin. | 

When the weather is hot and muggy, a number of 
heat-related problems may occur. For example, in hot 
weather when the human body temperature rises, the 
hypothalamus gland (a gland in the brain that regu- 
lates body temperature) activates the body's heat- 
regulating mechanism, and over 10 million sweat 
glands wet the body with as much as two liters of liq- 
uid per hour. As this perspiration evaporates, rapid 
loss of water and salt can result in a chemical imbal- 
ance that may lead to painful heat cramps. Excessive 
water loss through perspiring coupled with an in- 
creasing body temperature may result in heat exhaus- 
tion—fatigue, headache, nausea, and even fainting. If 
one’s body temperature rises above about 41°C 
(106°F), heat stroke can occur, resulting in complete 


failure of the circulatory functions. If the body temper- 


ature continues to rise, death may result. 

In the United States alone, mortality estimates range 
up to 20,000 for the number of deaths directly related 
to excessive heat and humidity (from the mid 1930s 
through the early 1980s). Approximately 1250 deaths 
were attributed to the heat wave of 1980 alone. In an 
effort to draw attention to a serious weather-related 
health hazard, several indexes have been devised. 

An index that relates both air temperature and rela- 
tive humidity to how hot it feels is the humiture. (See 
Table 6.1.) The index works best during the warmest 
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TABLE 6.1 M The Humiture Index 


Uncomfortably — 104 | 90 
warm 102 | ; > 
Pleasant —— 100 | 85 9 


E 
E 
E 
E j 


~ Crisp, A 
invigorating 


part of the day, and it can be used as a measure of heat 
stress on persons exercising outdoors. * À 

An index called the heat index (HI), implemented 
by the National Weather Service during the summer of 
1984, combines air temperature with relative humid- 
ity to determine an apparent temperature—what the 
air temperature “feels like” to the average person for 
various combinations of air temperature and relative 
humidity. For example, in Fig..6.10, an air tempera- 
ture of 38°C (100°F) and a relative humidity of 60 per- 
cent produce an apparent temperature of 54°G (130°F). 
Heatstroke or sunstroke is imminent when the index 
reaches this level. (See Table 6.2.) - 


DEW POINT Considera volume of air whose tempera- 
_ ture is 10°C (50°F) and relative humidity is 100 per- 
cent. Suppose the air warms to 20°C (68°F), with no 


change in water vapor content or air pressure. The rel- 


ative humidity drops, and the air is no longer satu- 
rated. To what temperature must the 20°C air be 
cooled so that it is once again saturated? Of course, the 
answer is 10°C. For this amount of moisture, 10°C is 


*The humiture, developed by George Winterling, combines air 
temperature and actual vapor pressure in the following formula: 
T, = T+(e—21), where T, is the humiture (°F), T is the air tempera- 
ture (°F), and e is the actual vapor pressure of air in millibars. l 
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FIGURE 6.10 The Heat Index (HI). To calculate the apparent 
temperature, find theintersection of the air temperature and the relative 
humidity. 


called the dew-point temperature, or simply, the dew 
point. It represents the temperature to which air 
would have to be cooled (with no change in air pres- 
sure or moisture content) for saturation to occur. The 
dew point is determined with respect to a flat surface 
of water. When the dew point is determined with re- 
spect to a flat surface of ice, it is called the frost point.. 
The dew point is an important measurement used to ' 
predict the formation of dew, frost, fog, and even the 


TABLE 6-2 The Heat Index (HI) 


APPARENT 
CATEGORY TEMPERATURE (°F) HEAT SYNDROME 


I 130° orhigher Heatstroke or sunstroke 
imminent 


II 105°—130° Sunstroke, heat cramps, 
or heat exhaustion likely, 
heatstroke possible with 
prolonged exposure and 


physical activity 


HI 90°—105° Sunstroke, heat cramps, 
and heatexhaustion 
possible with prolonged 
exposure and physical 


activity 


IV 80°—90° 


Fatigue possible with 
prolonged exposure and 
physical activity 


minimum temperature. When used with an empirical 
formula (see Chapter 8), the dew point can help deter- 
mine the height of the base of a cumulus cloud. Since 
atmospheric pressure varies only slightly at the earth’s 
surface, the dew point is a good indicator of the air’s 
actual water vapor content. High dew points indicate 
high water vapor content; low dew points, low water 
vapor content. Addition of water vapor to the air in- 
creases the dew point; removing water vapor lowers it. 

The difference between air temperature and dew 
point can indicate whether the relative humidity is 
low or high. When the air temperature and dew point 
are far apart, the relative humidity is low; when they 
are close to the same value, the relative humidity is 
high. When the air temperature and dew point are 
equal, the relative humidity is 100 percent. (For infor- 
mation on the computation of relative humidity and 
dew point, read the Focus section on p. 147.) 


COMPARING HUMIDITIES Figure 6.11 shows how the 
average relative humidity varies from the equator to 
the poles. High relative humidities are normally found 
in the tropics, where there is little separation between 
air temperature and dew point. The average relative 
humidity is low near latitude 30° and high near the 
poles. . 

Since polar air is often described as being “dry,” 
why does it usually have a high relative humidity? In 
the polar region, the dew point and the air temperature 
are usually close together. A low dew point means the 
air contains little water vapor, and the low tempera- 
tures tell us that the polar air’s capacity for water 

vaporis low as well. With a low dew point and a small 
capacity for water vapor, polarairis often close to sat- 
uration. This produces a high relative humidity—the 
average is 80 percent—in air that contains very little 
water vapor.. n 

Remember that we raised the question as to which 
air has the higher humidity—polar air or desert air? 


Take a minute now and compare Fig. 6.11 with Fig. 


6.4. In Fig. 6.11, we see that polar air has a higher rela- 
tive humidity than does desert air at 30° latitude, 


where the average spread between air temperature and ' 


dew point is large. However, in Fig. 6.4, we see that, on 
the average, the specific humidity is higher at 30° than 
at the poles. This means, of course, that a given 
amount of desert air normally contains more water 
vapor than the same amount of polar air. So, does des- 
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ert air have a higher humidity than polar air? For rela- 
tive humidity, the answer is no; for specific humidity, 
the answer is yes. i 

Of course, not all locations near 30°N are deserts. 
Take, for example, humid New Orleans, Louisiana. 
During July, the air in New Orleans contains a great 
deal of water vapor—nearly 50 percent more than | 
does the air along the southern California coast. Since 
both locations are adjacent to large bodies of water, 
why is New Orleans more humid? 

Figure 6.12 shows a summertime situation where . 
air from the Pacific Ocean is moving into southern 
California and air from the Gulf of Mexico is moving 
into the southeastern states. Notice that the-Pacific 
water is much cooler than the Gulf water. Westerly 
winds, blowing across the Pacific, cool to just about _ 
the same temperature as the water. Likewise, air over j 
the warmer Gulf reaches a temperature near that of the 
water below it. Over the water, at both locations, the 
air is nearly saturated with water vapor. This means 
that the dew-point temperature of the air over the 
cooler Pacific Ocean is much lower than the dew- 
point temperature over the warmer Gulf. Conse-: 
quently, the air from the Gulf of Mexico contains a 
great deal more .water vapor because the Gulf of 
Mexico is much warmer than the Pacific Ocean. 

As the air moves inland, away from the source of 
moisture, the air temperature in both cases increases. 
But the amount of water vapor in the air (and, hence, 
the dew-point temperature) hardly changes. There- 
fore, as the humid air moves into the southeastern 


Relative humidity 


609 40° 20° - 09 20° 40° 60° 
North Latitude South 


FIGURE6.11 Relative humidity averaged for latitudes north and south 
of the equator. a me E 
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FIGURE 6.12 Air from the Pacific Ocean 

produces hot and dry conditions, while air 

from the Gulf of Mexico produces hot and 
muggy conditions. 


Air temperature 2°C 
Dew point —2°C 


FIGURE 6.13. Which situation— 
humidity? Which actually contains 
dew point are the same in the sno 
desert air, with the higher dew poi 


the snowstorm or the desert air—has the highest relative 
the most water vapor? (Answer: 


wstorm, the snowstorm has the highest relative humidity. The 
nt, contains the most water vapor.) i 


i Hot and humid 
High temperature 
High dew point ; 
15°C High relative humidity 
\ ~ X 
Water temperature \ Hot and dry I L v 
E ; High temperature 
Low dew point 


Cool air Low relative humidity 


Warm air 


Water temperature 


Air temperature 35°C 
Dew point 5°C 


Because the air temperature and 


Suppose we want to compute the air’s 
relative humidity. Earlier we learned that 
relative humidity may be expressed as the 
actual vapor pressure divided by the 
saturation vapor pressure times 100 
percent. lf the actual vapor pressure is 
designated by the letter e, and the 
saturation vapor pressure by e,, then the 
expression for relative humidity becomes: 


Relative humidity = as x 100%." 
Ss 

Let's look at a practical example of 
using vapor pressure to measure relative 
humidity. Suppose the air temperature in 
aroom is 27°C (80°F). Because the 
saturation vapor pressure (@,) is depen- 
dent on the temperature of the air, to 
obtain e, from Table 1 we simply read the 
value adjacent to the air temperature. 
Hence, air with a temperature of 27°C has 


asaturation vapor pressure of 35 millibars. ` 


Now suppose that the air in the room is 
cooled suddenly with no change in 
moisture content. At successively lower 
temperatures the saturation vapor 
pressure decreases. As the lowering _ 
saturation vapor pressure (e,) approaches 
the actual vapor pressure (e), the relative 


*Relative humidity may also be expressed as 
RH = w/w, x 100%, where w is the actual 

mixing ratio and w, is the saturation mixing 

ratio. Relative humidity computations using 
mixing ratio and adiabatic charts are givenin 
Chapter 8. p 


|_FOCUS ON A SPECIAL TOPIC 


COMPUTING RELATIVE HUMIDITY AND DEW POINT 


_ SATURATION 
VAPOR 
AIR TEMPERATURE PRESSURE 
CO) CP) (mb) 


humidity increases. With an actual vapor 
pressure of 25 mb, 100 percent relative 


humidity will be reached at a temperature . 


of 21°C (70°F). This temperature (21°C) 
must then be the dew-point temperature 
of the air. If, then, we know the actual 
vapor pressure in a room, we can 
determine the dew point by using Table 1 
to locate the temperature at which air will 
be saturated with that amount of vapor. 


- Similarly, if we are told that the dew point 


in the room has some value, we can look 
up that temperature in Table 1 and find the 
actual vapor pressure. 
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SATURATION 
VAPOR 
AIR TEMPERATURE PRESSURE 
CC) CF) (mb) 


(65) 
(70) 
(75) 
(80) 
(85) 
(90) 
(95) 
(100) 
(105) 
(110) 
(115) 
(120) 
(125) 


In essence, Table 1 can be used to 
obtain the saturation vapor pressure (e,) 
and the actual vapor pressure (e) if the air 
temperature and dew point of the air are 
known. With this information we can 
calculate relative humidity. For example, 
what is the relative humidity of air with a 
temperature of 29°C and a dew point of 
18°C? Answer: At 29°C, Table 1 shows 
es = 41 mb. For a dew point of 18°C, the 
actual vapor pressure (e) is 21 mb; 
therefore, the relative humidity = 
241 X 100 percent = 51 percent. 


‘states, high air temperatures along with high dew- 
point temperatures produce high relative humidities, 
often greater than 75 percent during the hottest part of 
the day. On the other hand, over the southwestern part 


of the nation, high air temperatures and low dew- | 


point temperatures produce low relative humidities, 


often less than 25 percent during the hottest part of the 
afternoon. Much of this inland area over the southwest 


_is a desert. However, keep in mind that although con- 


sidered “dry,” this area, with a dew-point temperature 
above freezing, still contains more water vapor than 


_ does the cold, arctic air in polar regions (Fig. 6.13). 
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the amount of evaporation and cooling. After a few 
minutes, the wick-covered thermometer will cool to 
the lowest value possible. Recall from an earlier Sec- 
tion that this is the wet-bulb temperature—the lowest 
temperature that can be obtained by evaporating water 
into the air. > 
The dry thermometer (commonly called the dry 
bulb) gives the current air temperature, or dry-bulb 
temperature. The temperature difference between the 
dry bulb and the wet bulb is known as the wet-bulb 
. depression. A large depression indicates that a great 
FIGURE 6.14 The sling psychrometer. deal of water can evaporate into the air and that the rel- 
ae ak ative humidity is low. A small depression indicates 
that little evaporation of water vapor is possible, so the 
yt . | air is close to saturation and the relative humidity is 
& MEASURING HUMIDITY high. If there is no depression, the dry bulb and wet — 
ee ; 


E | 1 De bulb are the same; the air is saturated and the relative 
The common instrument used to obtain dew point and humidity is 100 percent. (Tables used to compute rela- 
relative humidity isa psychrometer, which consists of tive humidity and dew point are given in Appen- 
two liquid-in-glass thermometers mounted side by dix D.) 
side and attached to a piece of metal that has either a The length of human hair changes by about 2.5 per- 
handle or chain at one end (Fig. 6.14). The thermom- cent between a relative humidity of 0 and 100 percent. 
eters are exactly alike except that one has a piece of __ Hairbecomes shorter with low humidities and longer 
cloth (wick) covering the bulb. The wick-covered ther- with high humidities. (In moist air, people with natu- 
mometer—called the wet bulb—is dipped in clean rally curly hair experience the “frizzies” as their hair 
water, while the other thermometer is kept dry. Both Increases in length. Under the same conditions, 
thermometers are ventilated for a few minutes, either people with long, straight hair find it going “limp.”) 
by whirling the instrument (sling psychrometer), or by | Instruments that measure humidity are commonly 
drawing air past it with an electric fan (aspiration called hygrometers. One type—called the hair hy- 
psychrometer). Water evaporates from the wick and. - -grometer—is constructed on the principle of hair 


that thermometer cools. The drier the air, the greater - length changing with the relative humidity. This in- 


Record paper on cylinder ` 


FIGURE 6.15 The hair hygrometer 
measures relative humidity by amplifying 
and measuring changes in the length of 
human (or horse) hair, -. E 


Amplifying 
levers 


ada l 


human hairs ~<——_ Compensating . 


Adjusting | 


Screw 


strument uses human (or horse) hair to measure rela- 
tive humidity. A number of strands of hair (with oils 
removed) are attached to a system of levers. A small 
change in hair length is magnified by a linkage system 
and transmitted to a dial (Fig. 6.15) calibrated to show 
relative humidity, which can then be read directly or 
recorded on a chart. (Often, the chart is attached toa 
clock-driven rotating drum that gives a continuous 
record of relative humidity.) Because the hair hygrom- 
eter is not as accurate as the psychrometer (especially 
at very high and very low relative humidities), it re- 
quires frequent calibration, principally in areas that 
experience large daily variations in relative humidity. 

The electrical hygrometer is another instrument 
used to measure humidity. It consists of a flat plate 


- coated with a film of carbon. An electric current is sent 


across the plate. As the moisture content of the air 
changes, the electrical resistance of the carbon coating 
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. changes. These changes are translated into relative 


humidity. This instrument is commonly used in the 
radiosonde, which gathers atmospheric data at vari- 
ous levels above the earth. Still another instrument— 
the infrared hygrometer—measures atmospheric 
humidity by measuring the amount of infrared energy 
absorbed by water vapor in a sample of air. Finally, the 
dew cell determines the amount of water vapor in the 
air by measuring the air’s actual vapor pressure. This 
instrument consists of parallel electrical wires wound 
around an insulator covered with wicks that are 
coated with a water solution containing an excess of 
lithium chloride. A flow of alternating current through 
the solution raises the solution’s temperature until all 
the water is evaporated. At this point, the “dry” vapor 
pressure of the lithium chloride equals the water 
vapor of the air. The water vapor pressure ane yields 
the Ue SAA 


In this chapter, we have examined the many ways of 
describing humidity. We saw that the absolute humid- 
ity represents the density of water vaporin a given vol- 
ume of air. Specific humidity measures the mass of 
water vapor in a fixed mass of air, while the mixing 


. ratio expresses humidity as the mass of water vapor in 


the fixed mass of remaining dry air. The actual vapor 
pressure indicates the air’s total water vapor content 


by expressing the amount of water vapor in terms of 


the amount of pressure that the water vapor molecules 
exert. The saturation vapor pressure describes how 
much water vapor the air could hold at any given tem- 
perature in terms of how much pressure the water 
vapor molecules would exert if the air were saturated 
at that temperature. A good indicator of the air’s actual 
water vapor content is the dew point—the tempera- 
ture to which air would have to be cooled (at constant 
pressure) for saturation to occur. 

Relative humidity is a measure of how close the air 
is to being saturated. Air with a high relative humidity 


does not necessarily contain a great deal of water 
vapor, it is simply close to being saturated. Withacon- _ 
stant water vapor content, cooling the air causes the. 
relative humidity to increase, while warming the air 
causes the relative humidity to decrease. When the air 
temperature and dew point are close together, the rela- , 
tive humidity is high, and, when they are far apart, the 
relative humidity is low. High relative humidity in hot 
weather makes us feel hotter than it really is by retard- 
ing the evaporation of perspiration. Although relative 
humidity can be confusing (because it can change 
with either air temperature or moisture content), it is 
nevertheless the most widely used way of describing 
the air’s moisture content. 

Various instruments can be used to measure iiid 


- ity. These include the psychrometer, hygrometer, and 


dew cell. 
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KEY TERMS 


The following terms are listed in the order they appear | 


in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


humidity saturation vapor pressure 
absolute humidity relative humidity 
specific humidity wet-bulb temperature 
mixing ratio heat index (HI) 

actual vapor pressure > apparent temperature - 


H QUESTIONS FOR REVIEW 


; Why are specific humidity and mixing ratio more 


commonly used in representing atmospheric 
moisture than absolute humidity? 


. Describe the relationship between air temperature 


and the air’s capacity to hold water vapor. (See Fig. 
6.3.) 


. During the summer, in terms of the actual amount 
of water vapor in the air, where is the driest part Qi 


the United States? (See Fig. 6.6.) 


. Describe the relationship between air temperature 


and saturation vapor pressure. 


. Explain why it takes longer to cook vegetables i in 


the mountains than at sea level. 


. What does the relative humidity represent? p.. 

. When the relative humidity is given, why is it also 
-important to know the air temperature? 

. Explain two ways the relative humidity may be 


changed. 


. Explain why, during a summer day, the relative 


humidity will change as shown in Fig. 6.9. 


. How is the difference between dew point and air 


temperature related to the relative humidity? | . 


. Why is cold polar air described as “dry” when the 


relative humidity of that air is very high? 


. How can a region have a high specific humidity 


and a low relative humidity? Give an example. 


. Why does the relative humidity of cold air de- 


crease when brought into a warm home? 


. Why are evaporative coolers used in Arizona, 


Nevada, and California but not in Florida, Georgia, 
or Indiana? 


dew-point temperature hair hygrometer 
(dew point) electrical hygrometer 

frost point infrared hygrometer 

psychrometer — dew cell 

hygrometer 


15. 


16. 


17. 


18. 
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Explain why summer afternoons often feel 
warmer on a hot, humid day than they do on a hot 
“dry” day with the same air temperature. 

Why is the air from the Gulf of Mexico so much 
more humid than air from the Pacific Ocean at the 
same latitude? | 

How are the dew-point temperature and wet-bulb 
temperature different? 

Name four instruments that may be used to mea- 
sure atmospheric moisture content. Briefly ex- 
plain how each one works. 


QUESTIONS FOR THOUGHT 


a Explain how and why each of the following will 


change as a parcel of air with an unchanging 
amount of water vapor rises, expands, and cools: 
a. absolute humidity 


b. relative humidity 
- c. actual vapor pressure 


2. 


3. 


4. 


d. saturation vapor pressure 

Where in the United States would you go to experi- 
ence the least variation in dew point (actual mois- 
ture content) from January to July? 

On a clear, calm morning, water condenses on the 
ground in a thick layer of dew. As the water slowly 
evaporates into the air, you measure a slow increase 
in dew point. Explain why. 

Two cities have exactly the same amount of water 


vapor in the air. The 6:00 A.M. relative humidity in 


one city is 93 percent, while the 3:00 P.M. relative 


a 


dal 


humidity in the other city is 28 peer Explain 
how this can come about. 


. Suppose the dew point of cold ae, air is the 


same as the dew point of warm air indoors. If the 
door is opened, and cold air replaces some of the 
warm inside air, would the new relative humidity 
indoors be (a) lower than before, (b) higher than be- 
fore, or (c) the same as before? Explain your answer. 


. On a warm, muggy day, the air is described as 


“close.” What are several plausible explanations for 
this expression? 


. Outside, on a very warm day, you swing a sling 


psychrometer for about a minute and read a dry- 
bulb temperature of 38°C and a wet-bulb tempera- 
ture of 24°C. After swinging the instrument again, 
the dry bulb is still 38°C, but the wet bulb is now 
26°C. Explain how this could happen. 


. In Yellowstone National Park, there are numerous 


ponds of boiling water. If Yellowstone is about 
2200 m (7200 ft) above sea level (where the air pres- 
sure is normally about 775 mb), what is the normal 
boiling point of water in Yellowstone? (Hint: See 
Fig. 1, p. 142.) l 


. Devise a way of determining elevation above sea 
. level if all you have is a thermometer and a pot of 


water. 


PROBLEMS AND EXERCISES 


. During July, how much more water vapor (in per- 


cent) is there normally in the air over New York City 
than in the air over Seattle, Washington? (Hint: See 
Fig. 6.6.) 


. Ifthe air temperature in a room is 18°C and the dew 


point is 7°C, what is the relative humidity in the 
room? (Hint: See Table 1, p. 147.) 


. On a bitter cold, snowy morning, the air tempera- 


ture and dew point of the outside air are —7°C. If 
this air is brought indoors and warmed to 21°C, 


with no change in vapor content, what is the rela- 


tive humidity of the air inside the home? (Hint: See 
Table 1, p. 147.) 


. (a) With the aid of Fig. 6. 6 and Fig. 6.7, determine 
` the average summer dew points in St. Louis, Mo.; 
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New Orleans, La.; and Los Angeles, Ca. (b) If the 
high temperature on a particular summer day in all 
three cities is 32°C (90°F), then calculate the after- 
noon relative humidity at each of the three cities. 
(Hint: Either Fig. 6.7 or Table 1, p. 147, will be help- 
ful.) 


. Suppose with the aid of a sl Me psychrometer you 


obtain an air temperature of 30°C and a wet-bulb 


- temperature of 25°C. What is (a) the wet-bulb 


depression, (b) the dew point, and (c) the relative 
humidity of the air? (Use the tables in Appen- 
dix D.) 


. If the air temperature is 35°C and the How point is 


21°C, determine the relative humidity using 
(a) Table 1, p. 147; (b) Fig. 6.7; and (c) Tables D.1 
and D.2 in Appendix D. 


. In Fig. 6.6, the average vapor pressure in Nevada i is . 


about 8 mb. (a) Use Table 1, p. 147, to determine the 
average dew point of this air. (b) Much of the state is 
above an elevation of 1500 m (5000 ft). At 1500 m, 
the normal pressure is about 12.5 percent less than 
at sea level. If the air over Nevada were brought 
down to sea level, without any change in vapor con- 
tent, what would be the new vapor pressure of the 
air? 


. (a) What would be the humiture and how would an 


individual normally feel under the average July 
conditions you see in Table 6.3? (b) Use the HI 
index on p. 144 to determine the average apparent 
temperature for each of the cities listed i in Table 6.3. 


TABLE 6.3 M Average Conditions for July f j 


Denver, CO 
Seattle, WA 


San Diego, CA 
Minneapolis, MN 
New Orleans, LA 
Phoenix, AZ 
New York, NY 
Kansas City, MO 


ee G 


í 
| 
i 


As evening arrives in Yosemite Valley, cool air settles close to the ground, producing a thin 
blanket of clouds and fog. (Photo by author) IETS S 
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CONDENSATION: DEW, 
FOG, AND CLOUDS 


The weather is an ever-playing drama before which we are a 
captive audience. With the lower atmosphere as the stage, air 
and water as the principal characters, and clouds for costumes, 
the weather's acts are presented continuously somewhere 
about the globe. The scriptis written by the sun; the production 
is directed by the earth’s rotation; and, just as no theater scene | 
is staged exactly the same way twice, each weather episode is 
played alittle differently, each is marked with abit of individuality. 


Clyde On, Jr., Between Earth and Space 


_ Have you walked barefoot across a lawn on a summer 


morning and felt the wet grass under your feet? Did 
you ever wonder how those glistening droplets of dew 
could form on a clear summer night? Or why they 
formed on grass but not on bushes several meters 
above the ground? In this chapter, we will investigate 
first the formation of dew and frost. Then we will ex- 
amine the different types of fog. The chapter con- 
cludes with the identification and observation of 
clouds. 


= HOW DOES DEW FORM ON CLEAR NIGHTS? © 


On clea nights, objects near the earth’s surface” 
cool rap ‘ly by radiation. The ground and objects on it 


often iiome: uu colia Liin mhe O air. 


nese ———=— temperature at which saturation oc- 
such as stigs leaves, and blades of 


e, water vapor begins — 


p ey visible specks of 


called dew Be is more likely to E on blades of 


| grass than on objects several meters above the surface. 
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This thin coating of dew not only dampens bare feet, 
but is also a valuable source of moisture for many 
plants during periods of low rainfall. Averaged for an’ 
entire year in middle latitudes, déw yields a blanket of” 
water between 12 and 50 mm (0.5 and 2 in.) thick, 
Dew is more likely to form on nights that are clear 
and calm than on nights that are cloudy and windy. 
Clear nights allow objects near the ground to cool 
rapidly by emitting infrared - radiation, and calm 
winds mean that the coldest air will be located at 
ground level. These atmospheric conditions are usu- 
ally associated with large fair-weather, high-pressure 
systems. On the other hand, the cloudy, windy 
weather that inhibits rapid cooling near the ground 


FIGURE 7.1 These are the delicate ice-crystal patterns that frost 
exhibits on a window during a cold winter morning. 
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and the forming of dew often signifies the approach of 
arain-producing storm system. These observations in- 
spired the following folk-rhyme: 


When the dew is on the grass, . 

_ Tain will never come to pass. 
When grass is dry at morning light, 
look for rain before the night! 


E FROZEN DEW AND FROST 


Beads of frozen water observed on objects aftera clear, - 


cold, windless night are frozen dew. In order for it to 
form, the air temperáture near the ground must reach 
the dew point while the dew point is above freezing. 
Dew forms and then freezes, becoming tiny beads of 
ice as the temperature drops below the freezing point. 
Visible white frost, like frozen dew, forms on cold, 
clear, calm mornings. But unlike frozen dew, the dew- 
point temperature (now called the frost point) is at or 


below freezing. When the air temperature cools to the ` 


frost point and further cooling occurs, water vapor can 
change directly to ice without becoming a liquid 
first—a process called deposition! The delicate, white 
crystals of ice that form in this manner are called hoar- 
frost, white frost, or simply frost.¿Frost has a treelike 
branching pattern that easily distinguishes it from the 
nearly spherical beads of frozen dew. 

- On cold winter mornings, frost may form on the in- 
side of a windowpane in much the same way asit does 
outside, except that the cold glass chills the indoor air 


_ adjacent to it. When the temperature of the inside of 


the window drops below freezing, water vapor in the 
room forms a light, feathery deposit of frost (Fig. 7.1). 
In very dry weather, the air temperature may be- 


come quite cold and drop below freezing without ever ` 
Teaching the frost point, and no visible frost forms. — 
Freeze and black frost are words denoting this situa- 


tion.These conditions can severely damage crops. 
So, dew, frozen dew, and frost form in the rather 
shallow layer of air near the ground on clear, calm 
nights. But what happens to air as a deeper layer adja- 
cent to the ground is cooled? We have learned that if 


air cools without any change in water vapor content, . 


the relative humidity increases. When air cools to the 
dew point, the relative humidity becomes 100 percent 
and the airis saturated. Continued cooling condenses 
some of the vapor into tiny cloud droplets. 


CONDENSATION NUCLEI 


Actually, the condensation process that produces 
clouds is not quite so simple. Just as dew and frost 
need a surface to form on, there must be airborne 
particles on which water vapor can condense to pro- 
duce cloud droplets. 

Although the air may look clean, it never really is. 
On an ordinary day, a volume of air about the size of — 
your index finger contains between 1000 and 150,000 
particles. Since many of these serve as surfaces on 
which water a can ei they: are called con- 


densation nucle ut them, relative humidities. 
of several hu waved percent would ne required before 
condensation could begin.” 


Some condensation nuclei are quite small and have 

“a radius less than 0.2 pm; these are referred to as 
Aitken “nuclei; , after the British physicist who discov- 
ered that water vapor condenses on nuclei. Particles 
ranging in size from 0.2 to 1 pm are called large nuclei, 
while others, called giant nuclei, are much larger and 
have radii exceeding 1 um. (See Table 7.1.) The con- 
densation nuclei most: avorable for producing clouds” 
(called cloud condensation ace have radii of” 
0:1 wm or more. Usually, between 100 and 1000 nuclei 
of this size exist in a cubic centimeter of air. These par- 
ticles enter the atmosphere in a variety of ways: dust, 
volcanoes, factory smoke, forest fires, salt from ocean 
spray, and even sulfate particles emitted by phyto- 
plankton in the oceans. Because most are released into 
the atmosphere near the ground, the] concentra- 

tions of nuclei are observed in the lower at atmosphere 
near the earth's surface. 

Condensation nuclei are extremely light (many 
have a mass less than one-trillionth of a gram), so they 
can remain suspended in the air for many days. They 
are most abundant over industrial cities, where highly 
polluted air may contain nearly 1 million particles per 
cubic centimeter. They decrease in cleaner “country” 
air and over the oceans, where concentrations may 
dwindle to only a few nuclei per cubic centimeter. 

Some pis are hyg 


es Bl ‘water-seeking”), 


cent Ocean salt is enn as is common table 
salt In humid weather, it is difficult to pour salt from a 
shaker because water vapor condenses onto the salt 
crystals, sticking them together. Other hygroscopic 
nuclei include sulfuric and nitric acid particles. Not 


these surfaces when + 


Hygroscopic nuclei Hydrophobic nuclei 


FIGURE 7.2 Hygroscopic nuclei are “water-loving,” and water vapor 
rapidly condenses on their surfaces. Hydrophobic nuclei are “water-re- 
pelling” and resist condensation. 


all particles serve as good condensation nuclei. Some - 
are hydrophobic (“water-repelling”) and resist con- 
densation os Dcieerretstivestranaidiy is above 
100 percent: As we can see, condensation may begin 
on some particles when the relative humidity is well. 
below 100 percent and on others only when the rela- 
tive humidity is much higher than 100 percent. How- 
ever, at any given time there are usually many nuclei 


_present, so that haze, fog, and clouds will form at rela- 


tive humidities near or below 100 percent. 


M HAZE 


Suppose you visit an area that containsa large concen- 
tration of suspended dust or salt particles. There, you 
may notice that distant objects are usually more visi- 


TABLE7.1 [Characteristic Sizes and Concentrations of 
Condensation Nuclei and Cloud Droplets 


NO. OF PARTICLES 
(per cm) 
RANGE TYPICAL 


TYPEOF 
PARTICLE 


Small 
(Aitken) 
condensation 
nuclei 


APPROXIMATE 
RADIUS (nm) 


1000 to | 1000 


10,000 
Large 
condensation 
nuclei 
Giant 
condensation 
nuclei 


0.2 to 1.0 1 to 1000 100 ' 


<1to10 


Fog and cloud 
droplets 


10 to 1000 300 
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FIGURE 7.3 The high relative humidity of the cold air above the lake i is causing a layer of haze to 


form on a still spring meaning 


ble in the afternoon than i in the morning, even-when' 
the concentration of particles in the air has not 


floatin c les remain - 
emia sy mo do than about one-tenth of a 
micrometer. These e tiny, dry, haze ah ae waa 
scatter some rays of sunlight, wl 
Ba ne trate the air. Th e scatterin 


Jewo 
LO WEO 


I aze pro: 
: DC Y | against a dark back- 
-grour canal a yel wish tint wh len viewed. against,a 
o background. ” 

As the air cools das the night, ii erelative humid- 


ie espe ei, producing a wet haze. As 
water collects on the nuclei, their size increases and 
the particles, although still small, become large 
enough to scatter light much more efficiently. (Recall 
from Chapter 5 that, when sunlight strikes wet haze, 
nearly all visible waves are scattered away evenly, 


80 percent; the scattering effect increases by a factor of 
nearly 3. Since relative humidities are normally high 
during cool mornings, much of the light from distant 


objects is scattered away by the wet haze particles be- 


fore reaching you; hence, it is difficult to see these dis- 
tant objects. 

Not only does wet haze restrict visibility more than 
dry haze, it also appears dull gray or white. Near 
seashores and in clean air over the open ocean, large 
salt particles suspended in air with a high relative 


humidity often produce a thin white veil across the 
Boien 


FOG : 


By now, it should be apparent that condensation is a 
continuous process beginning when water vapor con- 
denses onto hygroscopic nuclei at relative humidities 
as low as 75 percent. As therelative humidity of the air 


causing the haze layer to appear white.) In fact, as the 
relative humidity increases from about 60 percent to 


A ne a e e 


increases, the visibility decreases, and the landscape 
becomes masked with a grayish tint. As the relative 
humidity gradually approaches 100 percent, the haze 
particles grow larger, and condensation begins on the 
less-active nuclei. Now a large fraction of the available 
nuclei have water condensing onto them, causing the 
droplets to grow even bigger, until eventually they be- 
come visible to the naked eye. The increasing size and 
concentration of droplets further restrict, visibility. 
When the visibility lowers to less than 1 km (0.62 mi), 
and the air is wet with countless millions of tiny float- 
ing water droplets, the wet haze becomes a cloud rest- 
ing near the ground, which we call fog. . 
With the same water content, fog that forms in dirty 
city air often is thicker than fog that forms over the 
ocean. Normally, the smaller number of condensation 
nuclei over the middle of the ocean produce fewer, but 
larger, fog droplets. City air with its abundant nuclei 
produces many tiny fog droplets, which greatly in- 
crease the thickness (or opaqueness) of the fog and re- 
duce visibility. A dramatic example of a thick fog 
forming in air with abundant nuclei occurred in Lon- 
don, England, during the early 1950s. The fog became 
so thick, and the air so laden with smoke particles, that 


sunlight could not penetrate the smoggy air, requiring 


that street lights be left on at midday. 


“Fog that forms in polluted air can turn acidic as the’ 
tiny liquid droplets combine with gaseous impurities, 


such as'oxides of sulfur and nitrogen. Acid fog poses a 
threat to human health, especially to people with pre- 
existing respiratory problems. It also adversely affects 
plants and structures subject to corrosion. In the Los 
Angeles basin during December, 1982, acid fog 
reached a level of acidity comparable to that of vin- 
egar. We will examine this problem in more detail in 
Chapter 19. © ) 

As tiny fog droplets grow larger, they become 


A 


heavier and tend to fall toward the earth. A fog droplet . 


with a diameter of 25 pum settles toward the ground at 
about 5 cm (2 in.) each second. At this rate, most of the 
droplets in a fog layer 180 m (about 600 ft) thick would 
reach the ground in less than one hour. Therefore, two 
questions arise: How does fog form? How is fog main- 
tained once it does form? 
Fog, like 


10. 


7 
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which constantly form on available nuclei. In other 
words, the air must maintain its degree of saturation 
either by continual cooling or by evaporation and mix- 
ing of vapor into the air. Let’s examine both processes. 


RADIATION FOG How can the air cool so that a cloud 
will form near the surface? Radiation and conduction 
are the primary means for cooling nighttime air near 
the ground. Fog produced by the earth's radiational 
cooling is called radiation fog, or ground fog. It forms 


- best on clear nights when a shallow layer of moist air 
“near the ground is overlain by drier air. Under these 


conditions, the ground cools rapidly since the shal- 
low, moist layer does not absorb much of the earth’s 
outgoing infrared radiation. As the ground cools, so 
does the air directly above it, and a surface inversion . 
forms. The moist, lower layer (chilled rapidly by the 
cold ground) quickly becomes saturated, and fog 
forms. The longer the night, the longer the time of 
cooling and the greater the likelihood of fog. Hence, 
radiation fogs are most common over land in late fall 
and winter. 

Another factor promoting the formation of radiation 
fog is a light breeze of less than 5 knots. Although radi- 
ation fog may form in calm air, slight air movement 
brings more of the moist air in direct contact with the 
cold ground and the transfer of heat occurs more 
rapidly. A strong breeze would prevent a radiation fog 
from forming by mixing the air near the surface with 
the drier air above. The ingredients of clear skies and 
light winds are associated with large high-pressure 
areas (anticyclones). Consequently, during the winter, 
when a high becomes stagnant over an area, radiation 
fog may form on many consecutive days. 

Because cold, heavy air drains downhill and col- 
lects in valley bottoms, we normally see radiation fog 
forming in low-lying areas. Hence, radiation fog is fre- 
quently called valley fog. The cold air and high mois- 
ture content in river valleys make them susceptible to 
radiation fog. Since radiation fog normally forms in 
lowlands, hills may be clear all day long, while adja- 
cent valleys are fogged in (Fig. 7.4). 

Radiation fogs form upward from the ground as the 
night progresses and are usually deepest around sun- 
rise. However, fog may occasionally form after sun- 
rise, especially when evaporation and mixing take 
place near the surface. This usually occurs at the end 
of a clear, calm night as radiational cooling brings the 
air temperature close to the dew point in a rather shal- 
low layer above the ground. At the surface, the air be- 
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FIGURE 7.4 Radiation fog nestled in a valley. 


comes saturated, forming a thick blanket of dew on the 


grass. At daybreak, the sun’s rays evaporate the dew, 


adding water vapor to the air. A light breeze then stirs 


the moist air with the drier air above Causing satura- 


tion (and, hence, fog) to form in a shallow layer near 
the ground. 


Often a shallow fog layer will dissipate or burn off 


by the afternoon. Of course, the fog does not “burn”; 
rather, sunlight penetrates the fog and warms the 
‘ground, causing the air temperature in contact with 
the ground to increase. The warm air rises and mixes 
with the foggy air above, which increases the tempera- 
ture and water vapor capacity of the foggy air. In the 
slightly warmer air, some of the fog droplets evapo- 
rate, allowing more sunlight to reach the ground, 
which produces more heating, and soon the fog com- 
pletely disappears. yan 
Satellite photographs show that a blanket of radia- 
tion fog tends to “burn off” first around its periphery, 
where the fog is usually thinnest. Sunlight rapidly 


warms this region, causing the fog to dissipate as the 
warmer air mixes in toward the denser foggy area. 
If the fog is thick, with little sunlight penetrating it, 


* and there is little mixing along the outside edges, the 


fog may not dissipate. This is often the case in the Cen- 
tral Valley area of California during the late fall and 
winter. A fog layer over 500 m (1700 ft) thick settles 
between two mountain ranges, while a strong inver- 
sion normally keeps the warmest air above the top of 


_ the fog. During the day, much of the light from the low 


winter sun reflects off the top of the fog, allowing only 
a small amount of sunlight to penetrate the fog and 
warm the ground. As the air warms from below, the fog 
dissipates upward from the surface in a rather shallow 
layer less than 150 m (500 ft), creating the illusion that 
the fog is lifting. Since the fog no longer touches the 


ae . , > y . -* 
ground, and a strong inversion exists above it, the fog 


is called a high inversion fog. (The low cloud above 


_ the ground is also called stratus, or, simply, high fog.) 


As soon as the sun sets, radiational cooling lowers the 


ee A Oe oe 


air temperature, and the fog once again forms on the 
ground. This daily lifting and lowering of the fog with- 
out the sun ever breaking through it may last for many 
days or even weeks during winter in California’s Cen- 
tral Valley. 


ADVECTION FOG Cooling surface air to its saturation 
point may be accomplished by warm, moist air mov- 
ing over a. cold surface. The surface must be 
sufficiently cooler than the air above so that the trans- 
fer of heat from air to surface will cool the air to its dew 


point and produce fog. Fog that forms in this manneris — 


called advection fog. 

A good example of advection fog may be observed 
along the Pacific Coast during summer (Fig. 7.5). The 
main reason fog forms in this region is that the surface 
water near the coast is much colder than the surface 
water farther offshore. Warm, moist air from the 
Pacific Ocean is advected by westerly winds over the 


cold coastal waters. Chilled from below, the air tem- -` . 


perature drops to the dew point, and fog is produced. 
Advection fog, unlike radiation fog, always involves 


the movement of air, so when there is a stiff summer | 


breeze in San Francisco, it’s common to watch advec- 
_ tion fog roll in past the Golden Gate Bridge. 

As summer winds carry the fog inland over the 
warmer land, the fog near the ground dissipates, leav- 
ing a sheet of low-lying gray clouds that block out the 
sun. Further inland, the air is sufficiently warm so 
that even these low clouds evaporate and disappear. 
Since the fog is more likely to burn off during the 
warmer part of the day, a typical summertime weather 


ae 


Warm, moist air 
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FIGURE 7.6 Tiny drops, each one made from many fog droplets, drip 
from the needles of this tree and provide a valuable source of moisture 
during the otherwise dry summer along the coast of Califomia. 


forecast for coastal areas would read, “Fog and low : 
cloudiness along the coast extending locally inland 
both night and mornings with sunny afternoons.” 
Because they provide moisture to the coastal red- 
wood trees, advection fogs are important to the scenic 
beauty of the Pacific Coast. Fog moisture is collected 
by the needles and branches of the redwoods. Some is 
directly absorbed by the needles, while much of the re- 
maining water drips to the ground, where it is utilized 
by the tree’s shallow root system (Fig. 7.6). Without - 
the summer fog, coastal redwood trees would have 


FIGURE 7.5 Advection fog forms as warm, moist air cools to its dew point while moving over a cold - 
surface. As fog moves inland along the Pacific Coast in summer, the air warms and the fog |ifts above 
the surface. Eventually, the air becomes warm enough to totally evaporate the fog. 


_ FOCUS ON AN OBSERVATION 


Tore 


If you drive along a highway that parallels 
an irregular coastline, you may have 
- Observed that advection fog is more likely 
to form in certain regions. For example, 
headlands that protrude seaward usually 
experience.more fog than do beaches 
that are nestled in the mouths of bays. | 
Why? ‘a 
As air moves onshore, it crosses the 
coastline at nearly a right angle. This 
causes the air to flow together or 
converge in the vicinity of the headlands 
(Fig. 1). This area of weak convergence 
causes the surface air to rise and cool just 
a little. If the rising air is close to being 
_ Saturated, it will cool to its dew point and 
fog will form. - 
Meanwhile, near the beach area, the 
surface air spreads apart or diverges as it 
crosses the coastline. This area of weak 
divergence creates sinking and Slightly 
warmer air. Because the sinking of air 
increases the separation between air } 
temperature and dew point, fog is less 
likely to form in this region. Hence, the 
headlands can be shrouded in fog while 
: beaches are basking in sunshine. 


trouble surviving the dry California summers. Hence, 
we find them nestled in the fog belt along the coast. 

Advection fogs also prevail where two ocean cur- 
rents with different temperatures flow next to one 
another. Such is the case in the Atlantic Ocean off the 
coast of Newfoundland, where the cold southward- 
flowing Labrador Current lies almost parallel to the 
warm northward-flowing Gulf Stream. Warm south- 
erly air moving over the cold water produces fog in 
that region—so frequently that fog occurs on about 
two out of three days during summer. 

Advection fog also forms over land. In winter, 
warm, moist air from the Gulf of Mexico moves north- 


ward over progressively colder and slightly elevated | 


land. As the air cools to its saturation point, a fog forms 
in the southern or central United States. Because the 
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WHY ARE HEADLANDS USUALLY FOGGIER T 


Sinking air 


FIGURE 1 Alongan irregular coastline, advection fog is more likely to form at the headland * 
where moist surface air converges and rises than at the beach where air diverges and sinks. 


ts Ti 


HAN BEACHES? 


Headland 


cold ground is often the result of radiation cooling, fog 
that forms in this manner is sometimes called advec- 
tion-radiation fog. During this same time of year, air 
moving across the warm Gulf Stream encounters the 
colder land of the British Isles and produces the thick 


fogs of England. Similarly, fog forms as marine air 


moves over an ice or snow surface. In extremely cold 
arctic air, ice crystals form instead of water droplets, 


producing an ice fog. 


UPSLOPE FOG Fog that forms as moist air flows up 
along an elevated plain, hill, or mountain is called up- 
slope fog. Typically, upslope fog forms during the 


winter and spring on the eastern side of the Rockies, 


where the eastward-sloping plains are nearly a kilo- 


meter higher than the land further east. Occasionally, 


cold air moves from the lower eastern plains west- 
ward. The air gradually rises, expands, becomes 
cooler, and—if sufficiently moist—a fog forms. Up- 
slope fogs that form over an extensive area may last for 
many days. i i 
Up to now, we have seen how the cooling of air pro- 
duces fog. But remember that fog may also form by the 
mixing of two unsaturated masses of air. Fog that 
forms in this manner is usually called evaporation fog 
because evaporation initially enriches the air with 
water vapor. Probably, a more appropriate name for 
the fog is evaporation (mixing) fog. (For a better un- 
derstanding of how mixing can produce fog, read the 
Focus section on pp. 164—165.) 


EVAPORATION (MIXING)FOG Ona cold day, you may 
have unknowingly produced evaporation fog. When 
moist air from your mouth or nose meets the cold air 


and mixes with it, the air becomes saturated, and a 


tiny cloud forms with each exhaled breath. 

- A common form of evaporation-mixing fog is the 
steam fog, which forms when cold air moves over 
warm water. This type of fog forms above a heated out- 


side swimming pool in winter. As long as the water is - 


warmer than the unsaturated air above, water will 
evaporate from the pool into the air. The increase in 
water vapor raises the dew point, and, if mixing is 


FIGURE 7.7 Even in summer, warm air 
rising above thermal pools in Yellowstone 
National Park condenses into a type of 
steam fog. . 
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sufficient, the air above becomes saturated. The colder 
air directly above the water is heated from below and 
becomes warmer than the air directly above it. This 
warmer air rises and, from a distance, the rising con- 
densing vapor appears as “steam.” 

It is common to see steam fog forming over lakes on 
autumn mornings, as cold air settles over water still 
warm from the long summer. On occasion, over the 
Great Lakes, columns of condensed vapor rise from 


' the fog layer, forming whirling steam devils, which 


appear similar to the dust devils on land. If you travel 
to Yellowstone National Park, you will see steam fog 
forming above thermal ponds all year long (Fig. 7.7). 
Over the ocean in polar regions, steam fog is referred to 
as arctic sea smoke. 

Steam fog may form above a wet surface on a sunny 
day. This is commonly observed after a rain shower as 
sunlight shines on a wet road, heats the asphalt, and 
quickly evaporates the water. This added vapor mixes 
with the air above, producing steam fog. Fog that 
forms in this manner is short-lived and disappears as 
the road surface dries. | 

A warm rain fallingthrough a layer of cold, moist air 
can produce fog. Remember that the saturation vapor 
pressure depends ‘on temperature: Higher tempera- 
tures correspond to higher saturation vapor pressures. 
When a warm raindrop falls into a cold layer of air, the 
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saturation vapor pressure over the raindrop is greater 
than that of the air. This vapor pressure difference 
causes water to evaporate from the raindrop into the 
air. If the moist air mixes with the cooler air, fog forms. 
Fog of this type is often associated with warm air rid- 
ing up and over a mass of colder surface air. The fog 
usually develops in the shallow layer of cold air just 
ahead of an approaching warm front or behind a cold 
front, which is why this type of evaporation fog is also 
known as frontal fog. Snow covering the ground is an 
especially favorable condition for frontal fog to form. 
The melting snow extracts heat from the environment, 
thereby cooling the already rain-saturated air. 


H FOGGY WEATHER 


Notice in Fig. 7.8 that heavy fog is more prevalent in 
coastal margins—especially those regions lapped by 
cold currents—than in the center of the continent. In 
fact, three regions stand out as having the most days 
with heavy fog: 


1. the Pacific Coast states 
2. the Appalachian highland region 
3. New England | 


Areas experiencing more than 20 days a year,with 


heavy fog include the Gulf and Atlantic coastal states, 
portions of the Great Plains and Rocky Mountains, and 


FIGURE 7.8 Average annual number of 
days with heavy fog throughout the United 
States. p 
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the regions around the Great Lakes. The least number 
of foggy days occur in the Southwest. 

The foggiest spot near sea level in the United States 
is Cape Disappointment, Washington. Located at the 
mouth of the Columbia River, it averages 2556 hours of 
heavy fog each year. Anyone who travels to this spot 
hoping to enjoy the sun during August and September 
would find its name appropriate indeed. Along the At- 
lantic Ocean just off the coast of Maine, heavy fog 
shrouds Mistake Island for an average of 1580 hours 
each year. And Mt. Washington, New Hampshire, 
nestled in the clouds at 1908 m (6262 ft) above sea 
level experiences fog on more than 300 days each year! 

Although fog is basically a nuisance, it has many 
positive aspects. For example, the California Central 
Valley fog that many people scorn is extremely impor-, 
tant to the economy of that area. Fruit and nut trees 
that have finished growing during the summer and fall 


require winter chilling—a large number of hours with/ 


the air temperature below 7°C (45°F) before trees will’ 
begin to grow again. The winter fog blocks out the sun 
and helps keep daytime temperatures quite cool, 
while keeping nighttime temperatures above freezing: 
The more continuous the fog, the more effective the 
chilling. Consequently, the agricultural economy of 
the region depends heavily on the fog, for without it 
and the winter chill it stimulates, many of the fruit and 
nut trees would not grow well. During the spring, 
when trees are in bloom, fog prevents nighttime air 
temperatures from dipping to dangerously low read- 


~ 


ings by trapping infrared energy that is radiated by the 
earth and releasing latent heat to the air as fog droplets 
form. i 

Unfortunately, fog also has many negative aspects. 
Along a gently sloping highway, the elevated sections 
may have excellent visibility, while in lower regions 
—only a few kilometers away—fog may cause poor 
visibility. Driving from the clear area into the fog on a 
major freeway can be extremely dangerous. In fact, 
every winter many people are involved in fog-related 
auto accidents. These usually occur when a car enters 
the fog and, because of the reduced visibility, the 
driver puts on the brakes to slow down. The car be- 
hind then slams into the slowed vehicle, causing a 
chain-reaction accident with many cars involved. In 
fact, one such accident occurred near Sacramento, 
California, during February, 1984, when 70 cars and 
trucks smashed into each other on a foggy highway, 
- covering it with debris for 3 kilometers. Although 15 
people were injured, there were fortunately no 
fatalities. i 

Extremely limited visibility exists while driving at 
night in heavy fog with the high-beam lights on. The 
light scattered back to the driver’s eyes from the fog 
droplets makes it difficult to see very far down the 
road. However, even in thick fog, there is usually a 
drier and therefore clearer region extending about 35 
cm (14 in.) above the road surface. People who drive a 
great deal in foggy weather take advantage of this by 
installing extra head lamps—called fog lamps—just 
above the front bumper. These lights are directed 
downward into the clear space where they provide im- 
proved visibility. l 

Fog-related problems are not confined to land. Even 
with today’s sophisticated electronic equipment, 
dense fog in the open sea hampers navigation. A 
Swedish liner rammed the luxury liner Andrea Doria 
- in thick fog off Nantucket Island on July 25, 1956, 
causing 52 casualties. Ona fog-covered runway in the 
Canary Islands, two 747 jet airliners collided, taking 
the lives of over 570 people in March, 1977. 

Airports suspend flight operations when fog causes 
visibility to drop below a prescribed minimum. The 
resulting delays and cancellations become costly to 
the airline industry and irritate passengers. With fog- 
caused problems such as these, it is no wonder that 
scientists have been seeking ways to disperse, or 
at least “thin,” fog. (For more information on fog- 
thinning techniques, read the Focus section entitled 
“Fog Dispersal” on pp. 168-169.) 
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Up to this point, we have looked at the different 
forms of condensation that occur on or near the earth's 
surface. In particular, we learned that fog is simply 
many millions of tiny liquid droplets (or ice crystals) 
that form near the ground. In the following sections we 
will see how these same particles, forming well above 
the ground, are classified and identified as clouds. 


m CLOUDS 


Clouds are aesthetically appealing and add excite- 
ment to the atmosphere. Without them, there would 
be no rain or snow, thunder or lightning, rainbows or .. 
halos. How monotonous if one had only a clear blue 
sky to look at. A cloud is a visible aggregate of tiny 
water droplets or ice crystals suspended in the air. 
Some are found only at high elevations, while others 
nearly touch the ground. Clouds can be thick or thin, 
big or little—they exist ina seemingly endless variety 
of forms. To impose order on this variety, we divide 
clouds into 10 basic types. With a careful and prac- 
ticed eye, you can become reasonably proficient in : 


correctly identifying them. 


CLASSIFICATION OF CLOUDS Although ancient as- 
tronomers named the major stellar constellations 
about 2000 years ago, clouds were not formally iden- 
tified and classified until the early nineteenth century. 
The French naturalist Lamarck (1744—1829) proposed 
the first system for classifying clouds in 1802; how- 
ever, his work did not receive wide acclaim. One year 
later, Luke Howard, an English naturalist, developeda 
cloud classification system that found general accep- 
tance. In essence, Howard’s innovative system em- 
ployed Latin words to describe clouds as they appear 
to a ground observer. He named a sheetlike cloud 
stratus (Latin for “layer”); a puffy cloud cumulus 
(“heap”); a wispy cloud cirrus (“curl of hair”); and a 
rain cloud nimbus (“violent rain”). In Howard’s sys- 
tem, these were the four basic cloud forms. Other 


© clouds could be described by combining the basic’ 


types. For example, nimbostratus is a rain cloud that 
shows layering, whereas cumulonimbus is a rain 
cloud having pronounced vertical development. 

In 1887, Abercromby and Hildebrandsson ex- 
panded Howard’s original system and published a 
classification system that, with only slight modifica- 
tion, is still used today. Ten principal cloud forms are 
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How can unsaturated bodies of air mix 
together to produce fog (or a cloud)? To 
answer this question, let's first examine. 
two unsaturated air parcels. (Later, we will 
look at the parcels mixed together.) The Ss 
two parcels in Fig. 2 are essentially the | a ey 7 e 3 7 
same size (and, therefore, have about the pe = 0.59/kg | A ola 
same mass), yet each has a different = i 5d 
temperature and a different relative _ 
humidity. (We will assume that the parcels 
are near sea level where the atmospheric 
pressure is close to 1000 millibars.) 

Parcel A has an air temperature (t) of 
10°C and a dew-point temperature (t,) of 
5°C. Remember from Chapter 6 that the 
air's relative humidity (RH) can be 
expressed as: — `; 


FIGURE 2 The mixing of two unsaturated air parcels can produce fog. Notice in the 
saturated mixed parcel that the actual mixing ratio (w) is too high. As the mixed parcel cools 
below its saturation point, water vapor would condense onto nuclei, producing liquid 


4 ead mixing ratio (w). > 3 "droplets. This would keep the actual mixing ratio close to the saturation mixingratio, and the ; 
RH = ————————— x 100 percent." relative humidity of the mixed parcel would remain close to 100 percent. 
saturation mixing ratio (w,) l 
l To obtain the saturation mixing ratio, temperature of 5°C, the actual mixing ratio 
we look at Table 1 andreadthevaluethat ÎS5.5g/kg. Hence, the relative humidity of i 
corresponds to the parcel's air tempera- the air in parcel A is: 
F > : ture. Fora temperature of 10°C, the 

*The actual de Y ; s w f 

usually expressed as grams per kilogram Likewise, the actual mixing r atio is RH = 71 percent. 

(g/kg). The saturation mixing ratio (w.) is the obtained by reading the value in Table 1 . 

mixing ratio of saturated air, also expressed . that corresponds to the parcel's Air parcel B is considerably colder than 


as g/kg. dew-point temperature. For a dew-point -+ parcel A with a temperature of — 10°C, 


= 


divided into four primary Woud groups. Each group is. 
identified by the height of the cloud’s base above the 

. surface: high clonge Ll and low clouds. 
The fourth group « tains clouds showing more verti- 
cal than horizontal development. Within each group, 
cloud types are identifioi by their appearance. Table 

7.2 lists these four groups and their cloud types. 

The approximate base height of each cloud group is 
given in Table 7.3. Note that the altitude separating the 
high and middle cloud groups overlaps and varies 


eter 
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FOG THAT FORMS BY MIXING, continued 


AIR 
TEMPERATURE 


CLOUD GROUP 


Middle 


‘TABLE 1 W Saturation Mixing 
Ratios of Water Vapor for Various Air 
Temperatures (Air Pressure is 
1000 mb) 


SATURATION 
MIXING RATIO 
(g/kg) 


TABLE 7.3 Œ Approximate Height of Cloud Bases above the Surface for Various Locations 


TROPICAL REGION 


- 6000 to 18,000 m 
(20,000 to 60,000 ft) 


2000 to 8000 m 
(6500 to 26,000 ft) 


surface to 2000 m 
(0 to 6500 ft) 


and considerably drier with a dew-point 
temperature of —20°C. These tempera- 


` tures yield a relative humidity of: 


MEE |S. de srcent 
= rf J5 percen 
RH = 28 percent. 


Suppose we now thoroughly mix the 
two parcels. After mixing, the new 
parcel's temperature will be close to the 
average of parcel A and parcel B, or about 
0°C. The total water vapor content (the 
actual mixing ratio) of the mixed parcel will 
be the sum of the mixing ratios of parcel A 
and parcel B, or 6.0 g/kg (5.5 g/kg + 
0.5 g/kg). . 

Look at Table 1 and observe that the 
saturation mixing ratio for a saturated 
parcel at 0°C is only 3.8 g/kg. This means 


TEMPERATE REGION 


5000 to 13,000 m 
(16,000 to 43,000 ft) 


2000 to 7000 m 
(6500 to 23,000 ft) 


surface to 2000 m 
(0 to 6500 ft) 
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that the water vapor content of the mixed 
parcel, at 6.0 g/kg, is well above that 
required for saturation, and that the parcel 
is supersaturated with a relative humidity 
of 158 percent. Of course, such a high 
relative humidity is almost impossible to . 
obtain, as water vapor would certainly 
condense on condensation nuclei, 
producing liquid water droplets as the two . 
parcels mix together and the relative l 
humidity approaches 100 percent. Hence, 
mixing two initially unsaturated masses of 
air can cause fog (or a cloud) to fom. Fog 
that forms in this manner is listed under 
the heading of evaporation (mixing) fog. 
As you read that section keep in mind that 
although evaporation has a part in fog 
formation, mixing plays the dominant 

role. 


POLAR REGION 


3000 to 8000 m 
(10,000 to 26,000 ft) 


2000 to 4000 m 
(6500 to 13,000 ft) 


surface to 2000 m 
(0 to 6500 ft) 
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with latitude. Large temperature changes cause most 
of this latitudinal variation. For example, high cir- 

_riform clouds are composed almost entirely of ice 
crystals. In tropical regions, air temperatures low 
enough to freeze all liquid water usually occur only 
above 6000 m (about 20,000 1t). In polar regions, how- 
ever, these same temperatures may be found at alti- 
tudes as low as 3000 m (about 10,000 ft). Hence, while 
you may observe cirrus clouds at 3600 m (about 
12,000 ft) over northern Alaska, you will not see them 
at that elevation above southern Florida. 

Clouds cannot be accurately identified strictly on 
the basis of elevation. Other visual clues are neces- 
sary. Some of these are ‘explained in the following 
section. 


CLOUD IDENTIFICATION 


HIGH CLOUDS High clouds in middle and low 


latitudes generally form above 6000 m (20,000 ft). Be- 
cause the air at these elevations is quite cold and 
“dry,” high clouds are composed almost exclusively 
of ice crystals and are also rather thin.* High clouds 


*Studies conducted above Boulder, Colorado, during the early 
1980s discovered small quantities of liquid water in cirrus clouds 
at temperatures as low as —36°C (—33°F ). 


FIGURE 7.9 Cirrus clouds. 
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usually appear white, except near sunrise and sunset, 
when the unscattered (red, orange, and yellow) com- 
ponents of sunlight are reflected from the underside of 
the clouds. 

The most common high clouds arethe cirrus, which 
are thin, wispy clouds blown by high winds into long 
streamers called mares’ tails. Notice in Fig. 7.9 that 
they can look like a white, feathery patch with a faint 
wisp of a tail at one end. Cirrus clouds usually move 
across the sky from west to east, indicating the prevail- 
ing winds at their elevation, and they generally point 
to fair, pleasant weather. ra 

Cirrocumulus clouds, seen less frequently than cir- 
rus, appear as small, rounded, white puffs that may 
occur individually, or in long rows. (See Fig. 7.10.) 
When in rows, the cirrocumulus cloud has a rippling 
appearance that distinguishes it from the silky look of 
the cirrus and the sheetlike cirrostratus. Cirrocumulus 
seldom cover more than a small portion ofthe sky. The 
dappled cloud elements that reflect the red or yellow 
light of a setting sun make this one of the most beauti- 
ful of all clouds. The small ripples in the cirrocumulus 
strongly resemble the scales of a fish; hence, the ex- 
pression “mackerel sky” commonly describes a sky 
full of cirrocumulus clouds. 

The thin, sheetlike, high clouds that often cover the 
entire sky are cirrostratus (Fig. 7.11), which are so 
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FIGURE 7.10 Cirrocumulus clouds. 


FIGURE 7.11 Cirrostratus clouds with a 
halo. 


FOG DISPERSAL 


In any airport fog-clearing operation the 
problem is to improve visibility so that 
aircraft can take off and land. Experts 


have tried various methods, which can be. 
' grouped into four categories: (1) increase - 


the size of the fog droplets, so that they 
become heavy and settle to the ground as 
alight drizzle; (2) seed cold fog with dry ice 
(solid carbon dioxide), so that fog droplets 
are converted into ice crystals; (3) heat the 
air, so that the fog evaporates; and (4) mix 
the cooler saturated air near the surface - 
with the warmer unsaturated air above. 
To date, only one of these methods has 
been reasonably successful—the 
seeding of cold fog. Cold fog forms when 
the air temperature is below freezing, and 
most of the fog droplets remain as liquid 
water. (Liquid fog in below-freezing air is 
also called supercooled fog.) Cities such 
as Denver, Salt Lake City, and Spokane 
experience cold fog each winter. The fog 
can be cleared by injecting several. 
hundred pounds of dry ice into it. As the 
tiny pieces of cold (—78°C) dry ice 
descend, they freeze some of the 
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_ FOGUSON ASPEGIAL TOPIC 


supercooled fog droplets in their path, 
producing ice crystals. As we will see in 
Chapter 9, these crystals then grow larger 
at the expense of the remaining liquid fog 
droplets. Hence, the fog droplets 
evaporate and the largerice crystals fall to 
the ground, which leaves a “hole” in the 
fog for aircraft takeoffs and landings. — 
Unfortunately, most of the fogs that 


. Close airports in the United States are 


warm fogs that form when the air 
temperature is above freezing. These 
afflict airports in cities such as Seattle, Los 
Angeles, New Orleans, New York City, 
and Philadelphia. Since dry ice seeding 
does not work in warm fog, other 
techniques must be tried. 

One method involves injecting 


| hygroscopic particles into the fog. Large 


salt particles and other chemicals absorb 
the tiny fog droplets.and form into larger 
drops. More large drops and fewer small 
drops improve the visibility; plus, the - 
larger drops are more likely to fall as alight 
drizzle. Since the chemicals are expensive 
and the fog clears for only a short time, 


this method of fog dispersalis not 
economically feasible. 
Another technique for fog dispersal is to 
warm the air enough so that the fog 
droplets evaporate and visibility improves. 
An early account of this method comes 


"from England. There, during World War ll, 


fuel oil was ignited along runways to warm 
the air enough to dissipate the fog and 
allow retuming bombers to land. Tested 
at Los Angeles International Airport in the 
early 1950s, this technique was aban- 
doned because it was smoky, expensive, 
and not very effective. In fact, the burning 
of hundreds of dollars worth of fuel only 
cleared the runway for a short time. And 
the smoke particles, released during the 
burning of the fuel, provided abundant 
nuclei for the fog to recondense upon. 

At large airports in France, a sophisti- 
cated fog-clearing technique called 
turboclair is being used. In this system, a 
series of jet engines installed underground 
along the edge of the runway pump hot’ 
exhaust gases into the airto warm and stir 
it, causing the fog droplets to evaporate. 


thin that the sun and mooncanbe clearly seen through 


them. The ice crystals in these clouds refract the light - 


passing through them and will often produce a halo. 
In fact, the veil of cirrostratus may be so thin that a 
halo is the only clue to its presence. Thick cirrostratus 
clouds give the sky a glary white appearance and fre- 


quently form ahead of an advancing storm; hence, 


they can be used to predict rain or snow within 12 to 
24 hours, especially if they are followed by middle 
type clouds. 


MIDDLE CLOUDS The middle clouds have bases be- 


tween 2000 and 7000 m (6500 to 23,000 ft) in the mid-. 


dle latitudes. These clouds are composed of water 
droplets and—when the temperature becomes low 
enough—some ice crystals. 


Altocumulus clouds are middle clouds that appear 
as gray, puffy masses, sometimes rolled out in parallel 
waves or bands (Fig. 7.12). Usually, one part of the 


cloud is darker than another, which helps to separate - 


it from the higher cirrocumulus. Also, the individual 
puffs of the altocumulus appear larger than those of 
the cirrocumulus. A layer of altocumulus may some- 
times be confused with altostratus; in case of doubt, 
clouds are called altocumulus if there are rounded 
masses or rolls present. Altocumulus clouds that look 
like “little castles” (castellanus) in the sky indicate the 
presence of rising air at cloud level. The appearance of 
these clouds on a warm, humid summer morning 
often portends thunderstorms by late afternoon. 

The altostratus is a gray or blue-gray (never white) 
cloud that often covers the entire sky over an area that 
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FOG DISPERSAL, continued 


_ Drier air 


at 


oo B 


A | 
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FIGURE 3 Helicopters hovering above an area of shallow fog (diagram A) can produce a 
clear area (photograph B). 


Butthe turbulence created bytheexhaust . turbulent downwash created by the rotor radiation fog with a relatively low liquid 


makes takeoffs and landings unsafe for blades brings drier air above the fog into water content. But many fogs are thick, 
small aircraft. contact with the moist fog layer (Fig. 3). have a high liquid water content, and form 

A final method of warm fog dacetall The aim, of course, is to evaporate the by other means. An inexpensive and 
uses helicopters to mix the air. The ~ fog. Experiments show that this method practical method of dispersing warm fog ` ` 


chopper flies across the fog layer, and the works well, as long as the fog is a shallow has yet to be discovered. ` 


FIGURE 7.12 Altocumulus clouds. 
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FIGURE 7.13 Altostratus cloud. The 
appearance of a dimly visible sun 
through a deck of gray cloudsis usually 
a good indication that the clouds are 
altostratus. 


extends over many hundreds of square kilometers. In 
the thinner section of the cloud, the sun (or moon) may 
be dimly visible as a round disk, which is sometimes 
referred to as a “watery sun” (F ig. 7.13). Thick cirro- 
stratus clouds are occasionally confused with thin al- 
tostratus clouds. The gray color, height, and dimness 
of the sun are good clues to identifying an altostratus. 
The fact that halos only occur with cirriform clouds 


also helps one distinguish them. Another way to sepa- 


rate the two is to look at the ground for shadows. If 


there are none, it is a good bet that the cloud is alto- 


stratus because cirrostratus are usually transparent 


enough to produce them. Altostratus clouds often. 
form ahead of storms having widespread and rela- _ 


tively continuous precipitation. 

LOW CLOUDS Low clouds, with their bases lying 

below 2000 m (6500 ft), are almost always composed 

-of water droplets; however, in cold weather, they may 

- contain ice particles and snow. = Es 
The nimbostratus is a dark gray, “wet”-looking 

cloud layer associated with more or less continuously 


falling rain or snow (Fig. 7.14). The intensity of this 
precipitation is usually light or moderate—it is never ' 


of the heavy, showery variety. The base of the nimbo- 
stratus cloud is normally impossible to identify 
clearly and is easily confused with the altostratus. 
Thin nimbostratus is usually darker gray than thick al- 
tostratus, and you cannot see the sun or moon through 

a layer of nimbostratus. Visibility below a nimbo- 
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stratus cloud deck is usually quite poor because rain 
will evaporate and mix with the air in this region. If 
this air becomes saturated, a lower layer of clouds or 
fog may form beneath the original cloud base. Since 
these lower clouds drift rapidly with the wind, they 
form irregular shreds with a ragged appearance that 
are Called stratus fractus, or scud. 

A low, lumpy cloud layer is the stratocumulus. It 
appears in rows, in patches, or as rounded masses 
with blue sky visible between the individual cloud 
elements (Fig. 7.15). Often they appear near sunset as 


.. the spreading remains of a much larger cumulus 


‘cloud. Occasionally, the sun will shine through the 
cloud breaks producing crepuscular rays. (See Fig. 
5.6, p. 116.) The color of stratocumulus ranges from 
light to dark gray. It differs from altocumulus in that it 
has a lower base and larger individual cloud elements. 
(Compare Fig. 7.12 with Fig. 7.15.) To distinguish be- 


tween the two, hold your hand at arm’s length and 
point toward the cloud. Altocumulus cloud elements 


will generally be about the size of your thumbnail; 
stratocumulus cloud elements will usually be about 
the size of your fist. Rain or snow rarely fall from 
stratocumulus. 

Stratus is a uniform grayish cloud that often covers 
the entire sky. It resembles a fog that does not reach the. 


- ground (Fig. 7.16). Actually, when a thick fog “lifts,” 


the resulting cloud is a deck of low stratus. Normally, 
no precipitation falls from the stratus, but sometimes 
it is accompanied by a light mist or drizzle. This cloud 
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FIGURE 7.14 Thenimbostratusisthe 
sheetlike cloud from which light rain is 
falling. The ragged appearing cloud 
beneath the nimbostratus is stratus 
fractus, or scud. 


FIGURE 7.15 Stratocumulus clouds. Notice that the rounded masses are larger than those of the 
altocumulus. 
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FIGURE 7.16 A layer of low-lying stratus 
clouds. 


FIGURE 7.17 Fair weather cumulus clouds, known technically as cumulus humilis. 


commonly occurs over Pacific and Atlantic coastal 
waters in summer. A thick layer of stratus might be 
confused with nimbostratus, but the distinction be- 
tween them can be made by observing the base of the 
cloud. Often, stratus has a more uniform base than 
does nimbostratus. Also, a deck of stratus may be con- 
fused with a layer of altostratus. However, if you re- 
member that stratus are lower and darker gray, the dis- 
tinction can be made. | 


CLOUDS WITH VERTICAL DEVELOPMENT Familiar to al- 
most everyone, the puffy cumulus cloud takes on a 
variety of shapes, but most often it looks like a piece of 
floating cotton with sharp outlines and a flat base (Fig. 
7.17). The base appears white to light gray, and, on a 
humid day, may be only 1000 m above the ground and 
a kilometer or so wide. The top of the cloud—often in 
the form of rounded towers—denotes the limit of ris- 
ing air and is usually not very high. These clouds can 


be distinguished from stratocumulus by the fact that 
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cumulus clouds are detached (usually a great deal of 
blue sky between each cloud) while stratocumulus 
usually occur in groups or patches. Also, the cumulus 
has a dome- or tower-shaped top as øpposed to the 
generally flat tops of the stratocumulus. Cumulus 
clouds that show only slight vertical growth are called 
cumulus humilis and are associated with fair weather; 
therefore, we call these clouds “fair weather cumu- 
lus.” Ragged-edge cumulus clouds that are smaller 
than cumulus humilis and scattered across the sky are 
called cumulus fractus. 

Harmless-looking cumulus often develop on warm 
summer mornings and, by afternoon, become much 


larger and more vertically developed. When the grow- 


ing cumulus resembles a head of cauliflower, it be- 
comes a cumulus congestus, or towering cumulus. 
Most often, it is a single large cloud, but, occasionally, 
several grow into each other, forming a line of tower- ` 


ing clouds, as shown in Fig. 7.18. Precipitation that 


falls from a cumulus congestus is always showery. 


FIGURE 7.18 Cumulus congestus. This line of cumulus congestus clouds is building along 
Maryland’s eastern shore. 
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FIGURE 7.19 A cumulonimbus cloud. 

Strong upper-level winds blowing from right 
to left produce a well-defined anvil. Sunlight 
scattered by falling ice crystals produces the 
white (bright) area beneath the anvil. Notice 


the precipitation falling from the base of the 
cloud. : 


Vertical Development: 


‘Showery precipitation — 


me 


FIGURE 7.20 Ageneralized illustration of basic cloud types based on height above the surface and ` 
vertical development. ; 


If a cumulus congestus continues to grow vertically, 
it develops into a giant cumulonimbus—a thunder- 
storm cloud (Fig. 7.19). While its dark base may be no 
more than 300 m (1000 ft) above the earth’s surface, its 
top may extend upward to the tropopause, over 
12,000 m (39,000 ft) higher. A cumulonimbus can 
occur as an isolated cloud or as part of a line or “wall” 
of clouds. . 

Tremendous amounts of energy are released by the 

‘condensation of water vapor within a cumulonimbus 


and result in the development of violent up- and. 


downdrafts, which may exceed 50 knots. The lower 
(warmer) part of the cloud is usually composed of only 
water droplets. Higher up in the cloud, water droplets 
and ice crystals both abound, while, toward the cold 
top, there are only ice crystals. Swift winds at these 
higher altitudes can reshape the top of the cloud into a 
huge flattened anvil (cumulonimbus incus). These 
great thunderheads may contain all forms of precipita- 
tion—large raindrops, snowflakes, snow pellets, and 
sometimes hailstones—all of which can fall to earth in 
the form of heavy showers. Lightning, thunder, and 
even violent tornadoes are associated with the cumu- 
lonimbus.. . . 


Cumulus congestus and cumulonimbus frequently - 


look alike, making it difficult to distinguish between 
them. However, you can usually distinguish them by 
looking.at the top of the cloud. If the sprouting upper 


part of the cloud is sharply defined and not fibrous, it. 
is usually a cumulus congestus; conversely, if the top | 


of the cloud loses its sharpness and becomes fibrous in 
texture, it is usually a cumulonimbus. Compare Fig. 
7.18 with Fig. 7.19. The weather associated with these 
clouds also differs: lightning, thunder, and large hail 
only occur with cumulonimbus. a = 

So far, we have discussed the 10 primary cloud 
forms, summarized pictorially in Fig. 7.20. This 
figure, along with the cloud photographs and descrip- 
tions, should help you identify the more common 
cloud forms. Don't worry if you find it hard to estimate 
cloud heights. This is a difficult procedure, requiring 
much practice, You can use local objects (hills, moun- 


tains, tall buildings) of known height as references on -> 


which to base your height estimates. 

To better describe a cloud's shape and form, a 
number of descriptive words may be used in conjunc- 
tion with its name. We mentioned a few in the previ- 
ous section; for example, a stratus cloud with a ragged 
appearance is a stratus fractus, and a cumulus cloud 
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with marked vertical growth is a cumulus congestus. 
Table 7.4 lists some of the more common terms that are 
used in cloud identification. 


SOME UNUSUAL CLOUDS Although the ten basic cloud 
forms are the most frequently seen, there are some un- 
usual clouds that deserve mentioning. For example, 
moist air crossing a mountain barrier often forms into 
waves. The clouds that form in the wave crest usually 
have a lens shape and are, therefore, called lenticular 


clouds (Fig. 7.21). Frequently, they form one above the 


other like a stack of pancakes, and at a distance they 
may resemble a fleet of hovering spacecraft. Hence, it 
is no wonder a large number of UFO sightings take 
place when lenticular clouds are. present. When a . 
cloud forms over and extends downwind of an iso- 
lated mountain peak, as shown in Fig. 7.22, it is called 


_ a banner cloud. 


Similar to the lenticular is the cap cloud or pileus 
that usually resembles a silken scarf capping the top of 
a sprouting cumulus cloud (Fig. 7.23). Pileus clouds 
form when moist winds are deflected up and over the 
top of a building cumulus congestus or cumulonim- 
bus. If the air flowing over the top of the cloud con- 
denses, a pileus often forms. 


FIGURE7.21 Lenticular clouds forming one on top of the other on the 
eastern side of the Sierra Nevada mountains. 
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Most clouds form in rising air, but the mammatus 
forms in sinking air. Mammatus clouds derive their 
name from their appearance—baglike sacks that hang 


beneath the cloud and resembles a cow’s udder (Fig. . 


7.24). Although mammatus most frequently form on 
the underside of cumulonimbus, they may develop 
beneath cirrus, cirrocumulus, altostratus, altocumu- 
lus, and stratocumulus. For mammatus to form, the 
sinking air must be cooler than the air around it and 
have a high liquid water or ice content. As saturated 
air sinks, it warms, but the warming is retarded be- 
cause of the heat taken from the air to evaporate the 
liquid or melt ice particles. If the sinking air remains 
saturated and cooler than the air around it, the sinking 
air can extend below the cloud base appearing as 
rounded masses we call mammatus clouds. l 

Jet aircraft flying at high altitudes often produce a 
cirrus-like trail of condensed vapor called a condensa- 
tion trail or contrail (Fig. 7.25). The condensation may 


TABLE 7.4 Œ Common Terms Used in Identifying Clouds 


TERM LATIN RCOT AND MEANING 
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DESCRIPTION 


Clouds having the shape of a lens; often elongated and usually with 
well-defined outlines. This term applies mainly to cirrocumulus, alto- 
cumulus, and stratocumulus 


Clouds that have a ragged or torn appearance; applies only to stratus 
Cumulus clouds with generally flattened bases and slight vertical 


Cumulus clouds of great vertical extent that froma distance may 
resemble a head of cauliflower 


Cumulonimbus in which at least some of the upper part is beginning 
to lose its cumuliform outline 


(capillus, hair; having hair) Cumulonimbus characterized by the presence in the upper part of cirri- 
form clouds with fibrous or striated structure 


(unda, wave; having waves) Clouds in patches, sheets, or layers showing undulations 


Clouds that cover a large part of the sky and are sufficiently translucent 
_ toreveal the position of the sun or moon : 

Thesmooth cirriform mass of cloud in the upper partofa cumulo- 

nimbus thatis anvil-shaped 


Baglike clouds that hanglike a cow's udderon the underside ofa cloud; 
may occur with cirrus, altocumulus, altostratus, stratocumulus, and 


A cloud in the form of a cap or hood above or attached to the upper part 
of acumuliform cloud, particularly during its developing stage 


Lenticularis (lens, lenticula, lentil) 
Fractus (frangere, to break or 
fracture) and cumulus’ 
Humilis — (humilis, of small size) 
l growth 
Congestus (congerere, to bring to- 
a gether; to pile up) 
Calvus (calvus, bald) 
- Capillatus ` 
Undulatus 
-Translucidus  (translucere,toshine 
through; transparent) 
Incus í (incus,anvil) — 
Mammatus (mamma, mammary) 
cumulonimbus 
Pileus : (pileus, cap) 
(castellum, a castle) 


Clouds that show vertical development and produce towerlike exten- 
sions, often in the shape of small castles 


come directly from the water vapor added to their 
from engine exhaust. In this case, there must be 
sufficient mixing of the hot exhaust gases with the 
cold air to produce saturation. The release of particles 
in the exhaust may even provide nuclei on which ice 


crystals form. Contrails evaporate rapidly when the 


relative humidity of the surrounding air is low. If the 
relative humidity is high, however, contrails may per- 
sist for many hours. Contrails may also form by acool- 


ing process. The reduced pressure produced by air 


flowing over the wing causes the air to cool. This cool- 


ing may supersaturate the air, producing an aero- 


dynamic contrail. This type of trail usually disappears 


quickly in the turbulent wake of the aircraft. 


Aside from the cumulonimbus cloud that some- 


times penetrates into the stratosphere, all of the clouds 
. described so far are observed in the lower atmosphere 


—in the troposphere. Occasionally, however, clouds 


~ may be seen above the troposphere. For example, soft 
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FIGURE 7.22 The cloud forming over and downwind of Mt. Rainier is called a banner cloud. 


pearly looking clouds called nacreous clouds, or 


mother-of-pearl clouds, form in the stratosphere at al- _ 


titudes above 30 km. They are best viewed in polar 
latitudes during the winter months when the sun, 
being just below the horizon, is able to illuminate 
them because of their high altitude. Their exact com- 


position is not known, although they appear to be’ 


composed of water in either solid or liquid (super- 
cooled) form. 

Wavy bluish-white clouds, so thin that stars shine 
brightly through them, may sometimes be seen in the 


upper mesosphere, at altitudes above 80 km. The best ' 


place to view these clouds is in polar regions at 
twilight. At this time, because of their altitude, the 
clouds are still in sunshine. To a ground observer, they 


appear bright against a dark background and, for this 


reason, they are called noctilucent clouds, meaning 
“luminous Gat ouds.” (See Fig. 7.26.) Scientists 
theorize that these clouds are composed of water that 
freezes on tiny meteoric dust particles. The water may 
actually originate in meteoroids that disintegrate 
when entering the upper atmosphere. 


CLOUD OBSERVATIONS 


DETERMINING SKY CONDITIONS Often, a daily weather 
forecast will include a phrase such as, “overcast skies 


with clouds becoming scattered by evening.” To the 
average person, this means that the cloudiness will di- 
minish; to the meteorologist, the terms “overcast” and 
“scattered” have a more specific meaning. Descrip- 


i 


FIGURE 7.23 A pileus cloud forming above a developing cumulus 
cloud. 
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FIGURE 7.24 Mammatus clouds 
photographed after sunset. 


tions of sky conditions are defined by the fraction of 
sky covered by clouds. A clear sky, for example, is less 
than one-tenth covered by clouds. When cloudiness 
increases to between one-tenth and five-tenths, the 
sky is scattered with clouds. “Partly cloudy” also de- 
scribes this sky condition. Clouds covering between 


six-t nths and nine-tenths produce a sky with broken- 


E 


FIGURE 7.25. A contrail forming behinda - 
jet aircraft. i 


AS 


CHAPTER? CONDENSATION: DEW, FOG, AND CLOUDS 


clouds (“mostly cloudy”), and overcast conditions 
exist when more than nine-tenths of the sky is covered 
with clouds. Table 7.5 presents a summary of sky 
cover conditions. 
Observing sky conditions far away can sometimes 
fool even the trained observer. A broken cloud deck 
near the horizon usually appears as overcast because 


i 
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FIGURE7.26 Thecloudsinthe upper 
two-thirds of this photograph are 
noctilucent clouds. They are usually 
observed at high latitudes, at altitudes 
between 75 km and 90 km above the 
earth's surface. 


the open spaces between the clouds are less visible at a 
distance (Fig. 7.27). Therefore, cloudiness is usually 
over-estimated when clouds are near the horizon, 
Viewed from afar, clouds not normally associated 
with precipitation may appear darker and thicker than 
they actually are. The reason for this is that light from 
a distant cloud travels through more atmosphere and 
is more attenuated than the light from the same type of 
cloud closer to the observer. (Information on measur- 
ing the height of cloud bases is given in the Focus sec- 
tion on p. 180.) 
-~ Up to this point, we have seen how clouds look from 
the ground. We will now look at how ground-based 
sky and ceiling observations are made and at clouds 
from a different vantage point—the satellite view. 


SATELLITE OBSERVATIONS The weather satellite is a 
cloud-observing platform in earth orbit. It provides ex- 
tremely valuable cloud photographs of areas where 
there are no ground-based observations. Because 
water covers over 70 percent of the earth’s surface, 
there are vast regions where few (if any) surface cloud 
observations are made. Before weather satellites were 
used, severe storms, such as hurricanes and typhoons, 
went undetected until they moved dangerously near 
inhabited areas. Residents of the regions affected had 
little advance warning. Today, satellites spot these 
storms while they are still far out in the ocean and 
track them accurately. 


CLOUDS mW . 179 


[TABLE 7.5 gj Description of Sky Conditions 
DESCRIPTION . 


MEANING 


Clear (CLR) less than one-tenth sky covered 
by clouds 
Scattered (SCT) from one-tenth to five-tenths 
or partly cloudy sky covered by clouds 
Broken (BKN) from six-tenths to nine-tenths 
or cloudy sky covered by clouds 
Overcast (OVC) more than nine-tenths sky 
. covered by clouds 
Sky obscured* all of sky is hidden by surface- 
based phenomena 


*This condition is due to fog, blowing snow, smoke, and so 
forth, rather than cloud cover. 
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FIGURE 7.27 Clouds on the horizon appear closer together than 
clouds overhead. Note that the amount of clear space between each 
cloudis the same. To the observer, however, there appears to be more 
space between clouds 1 and 2 than between clouds 3 and 4. 
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In addition to knowing about sky 


conditions, itis usually importantto havea 


good estimate of the height of cloud 
bases. Aircraft could not operate safely 
without accurate cloud height information, 
particularly at lower elevations. 

‘The term ceiling is defined as the height 
of the lowest layer of clouds above the. 
surface that are either broken or overcast, 

. but not thin. Direct information on cloud 
height can be obtained from pilots who 
report the altitude at which they encounter 
the ceiling. Less directly, ceiling balloons 
are used to measure the height of clouds. 
A small balloon filled with a known amount 
of hydrogen or helium rises at a fairly 
constant and known rate. The ceiling is’ - 

determined by measuring the time 

required for it to enter the lowest cloud”. 

layer, For example, if the balloon rises T 

125 m (about 400 ft) each minute, and it 

takes three minutes to enter a broken 

layer of stratocumulus, the ceiling would 
be 375 m (about 1200 ft). Ceiling balloon 


observations can be made at night simply 


by attaching a small battery-operated 
light to the balloon. 

Ifyou drive by alarge airport ona cloudy 
night you may see an intense light shining 
upward into the clouds (or rapidly 


sweeping across the cloud base). Such . , 


lights are an integral part of an instrument 
called a ceilometer, which is used to 
measure the ceiling from the ground. 
There are two types of ceilometers: one 
with a rotating light beam and the other 

‘ with a fixed beam. The rotating-beam 
ceilometer consists of a projector, a 


Indicator Detector 


(photoelectric cell) 


Rotating l 
projector 


FIGURE 4 The main ingredients of a rotating-beam ceilometer: projector, detector, and 


detector, and an indicator (Fig. 4). The 
projector rotates vertically from horizon to 
horizon and sends out a powerful light 
beam that moves along the base of the 
cloud. The light-sensitive detector, usually 
a photoelectric cell, is a known distance 
from the projector and points straight up. 
When the light reflected from the cloud 
base shines directly into the detector it 
excites the photoelectric cell, and the 
angle of the projector beam above the 


horizon is then recorded. This information 


is transmitted to an indicator located 
either inside the weather office or in the 
control tower. By knowing the projector 
angle and its distance from the detector, 
the cloud height is determined mathemat- 
ically. Automatic operation and continu- 


. 


indicator; if the angleA and baseline B are both known, then the ceiling C can be determined. 


ous information make this instrument 
-useful.* 

The older fixed-beam ceilometer 
operates in a similar way except that the 
projector lamp points straight up at the 
cloud base, while the detector continu- 
ously sweeps out an angle from horizon to 
horizon. This instrument scans much 
more slowly than the rotating-beam 
ceilometer and is, therefore,-being 
phased out. 


. “The formula is C = B tan A, where C is the 
cloud height above the ground, B is the 
distance from the detector to the projector, 
A is the projector angle when the light beam 
strikes the cloud base above the detector, ` 
and tan A is a trigonometric function. 


Continuously improved detection devices make our 
satellites more versatile than ever. Early satellites, 
such as TIROS I, launched on April 1, 1960, used tele- 
vision cameras to photograph clouds. Contemporary 
satellites use radiometers, which can observe clouds 
during both day and night. Radiometers detect the 


radiation coming from an object at specific wave- . 


length bands. For example, the sophisticated visible 
and infrared spin scan radiometer (VISSR) used in the 
Geostationary Operational Environmental Satellite 
(GOES) series picks up visible images between 0.55 
and 0.90 pm and infrared images from 10.5 to 12.6 um. 
The infrared wavelength band is used because it corre- 
sponds to the atmospheric window (see Chapter 3). 
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Information on cloud thickness and height can be 
deduced from satellite photographs. Visible photo- 
eraphs show the sunlight reflected from a cloud’s 
upper surface. Because thick clouds have a higher 
albedo (reflectivity) than thin clouds, they appear 
brighter on a visible satellite photograph. However, 
high, middle, and low clouds have just about the same 
albedo, so it is difficult to distinguish among them 
simply by using visible light photographs. To make 


this distinction, infrared cloud pictures are used. 


They produce a better image of the actual radiating 
surface because they do not show the strong visible re- 
flected light. Since warm objects radiate more energy 
than cold objects, high temperature regions can be ar- 
tificially made to appear darker on an infrared photo- 
graph. Because the tops of low clouds are warmer than 
those of high clouds, cloud observations made in the 
infrared can distinguish between warm, low clouds 
(dark) and cold, high clouds (light) (Fig. 7.29). 
Compare the visible satellite photograph of cloud 

in the eastern Pacific on April 23, 1978 (Fig. 7.30a), 
with the infrared photograph taken on the same day 
(Fig. 7.30b). Notice that all of the clouds in the visible 
photograph appear white, while, in the infrared, they 
appear as many shades of gray. In the visible photo- 
graph, the clouds covering part of Oregon and north- 
ern California appear relatively thin compared to the 
thicker, brighter clouds to the west. Furthermore; 
these thin clouds must be high because they are bright 
in the infrared picture. The elongated band of clouds 
off the coast marks the position of an approaching 
weather front. Here, the clouds appear white and 
bright in both pictures, indicating a zone of thick, 
heavy clouds. Behind the front, the lumpy clouds are 
probably cumulus because they appear gray in the in- 


frared photo, indicating that their tops are low and rel- 


atively warm. : 

When temperature differences are small, it is 
difficult to directly identify significant cloud and sur- 
face features onan infrared picture. Some way must be 
found to increase the contrast between features and 
their backgrounds. This can be done by a process 
called computer. enhancement. Certain temperature 
ranges in the infrared photograph are assigned specific 
shades of gray—grading from black to white. These 
shades of gray are then color-contoured to make 
specific features, such as deep cloud layers and the 
freezing level, more obvious. Often, dark blue or red is 
assigned to clouds with the coldest (highest) tops. Fig- 
ure 7.31 is an infrared-enhanced picture for the same 
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FIGURE 7.28 Artist's view of the GOES meteorological satellite. 
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FIGURE 7.29 Generally, the lower the cloud, the warmer its top. Warm 
objects emit more infrared energy than do cold objects. Thus, an 
infrared satellite picture can distinguish warm, low (gray) clouds from 
cold, high (white) clouds. 
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FIGURE 7.30 Avisible picture (a) and an infrared picture (b) of the eastern Pacific taken on the same 


day (April 23, 1978) at just about the same time. 


date and area as shown in Fig. 7.30. Note the dark and 


light contouring in the picture. Clouds with cold tops, 
and those with tops. near freezing, are assigned the 
darkest color. Hence, the dark gray areas embedded 
along the front represent the region where the coldest 
and, therefore, highest and thickest clouds are found. 
It is here where the stormiest weather is probably oc- 
curring. Also notice that, near the southern tip of the 
picture, the dark gray blotches surrounded by areas of 
white are thunderstorms that have developed over 
warm tropical waters. They show up Clearly as white, 
thick clouds in both the visible and infrared photo- 
graphs. LA dor: 

. Early TIROS (meaning, Television and Infrared Ob- 
servation Satellite) satellites took pictures that only 
covered about one-fifth of the earth each day. Contem- 
porary satellites can photograph a much larger section 


` 


of the earth. In fact, there are satellites positioned over 
the equator at an altitude of nearly 36,000 km (22,300 
mi) that can observe almost one-third of the earth’s 
surface in a single photograph. These satellites, which 


orbit the equator at the same rate the earth spins, are 


called geostationary satellites (or synchronous satel- 
lites) because they remain above a fixed spot on the 
earth’s surface (Fig. 7.32). This allows continuous 
monitoring of a specific region. 

Geostationary satellites are also important because 
they use a “real time” data system, meaning that the 
satellites transmit photographs to the receiving sys- 


_tem on the ground as soon as the camera takes the pic- 


ture. Successive cloud photographs from these satel- 
lites can be put into a time-lapse movie sequence to 
show the cloud movement, dissipation, or develop- 
ment associated with weather fronts and storms. This 


ener ene oe 


is a great help in forecasting the progress of large 
weather systems. Wind directions and speeds at vari- 
ous levels may also be approximated by monitoring 
cloud movement with the geostationary satellite. ` 
To complement the geostationary satellites, there 
are polar orbiting satellites, which closely parallel the 
earth’s meridian lines. They pass over the north and 
south polar regions on each revolution: As the earth 
rotates to the east beneath the satellite, each pass 
monitors an area to the west of the previous pass (Fig. 


7.33). Eventually, the satellite covers the entire earth. 


The Nimbus and subsequent National Oceanic and 
Atmospheric Administration (NOAA) satellite series 
are all polar orbiters. 


FIGURE 7.31 An enhanced infrared picture of the eastern Pacific 
taken on April 23, 1978. 
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FIGURE 7.32 The geostationary satellite moves through space at the 
same rate that the earth rotates, soit remains above a fixed spot on the 
equator and monitors one area constantly. 


FIGURE 7.33 Polar orbiting satellites scan from northto south, and on 


each successive orbit the satellite scans an area further to the west. 


Polar orbiting satellites have the advantage of pho- 
tographing clouds directly beneath them. Thus, they 
provide sharp pictures in polar regions, where photo- 
graphs from a geostationary satellite are distorted be- 
cause of the low angle at which the satellite “sees” this 
region. Polar orbiters also circle the earth at a much 
lower altitude (about 850 km or 530 mi) than geosta- 
tionary satellites and provide detailed photographic 
information about objects, such as violent storms and 
cloud systems, whose size is as small as 1 km (about 
0.5 mi). For sharp detailed photographs from a geosta- 
tionary satellite, the diameter of the object must be at 
least 4 km (about 2.5 mi). (Additional information on 
satellites is provided in the focus section entitled 
“Satellites Do More than Observe Clouds.”) 
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not restricted to observing clouds. For 
example, satellites measure radiation 
from the earth’s surface and atmosphere, 
giving us information about the earth- 

- atmosphere energy budget. The infrared 

- radiation measurements, obtained by an 
atmospheric sounder, are transformed 
into vertical profiles of temperature and’ 
moisture. These global soundings are fed 
into National Weather Service computer 
forecast models. 

Radiation intensities from the ocean: 
surface are translated into sea-surface 
temperature readings. This information is 
valuable to the fishing industry, as well as 
to the meteorologist. Satellites also 
monitor the amount of snow cover in 
winter, the extent of ice fields in the Arctic 
and Antarctic, and the movement of large 
icebergs that drift into shipping lanes. One 
polar orbiting satellite actually carries 
equipment that can detect faint distress 
signals anywhere on the globe and relay 
them to rescue forces on the ground. 

Infrared sensors on polar orbiting 
satellites are able to assess conditions of 
crops, areas of deforestation, and regions 
of extensive drought. Some satellites are: 

- equipped with a water vapor sensing 
channel near 6 um that can profile the 
distribution of water vapor in the 
atmosphere. This has become a valuable 
tool for determining the location of middle 
tropospheric swirling wind patterns and 
jet streams. Satellites are also able to 
detect volcanic eruptions and follow the 
movement of ash clouds. During the 
winter, GOES satellites are able to monitor 
the southward progress of freezing air in 
Florida and Texas, allowing forecasters to 
warn growers of impending low tempera- 
tures so that they can take necessary 
measures to protect sensitive crops. 

Geostationary satellites, such as 
GOES, are equipped with systems that 
receive environmental information from 


SATELLITES BO MORE THAN OBS B 


. The use of satellites to monitor weather is _ 


- valuable information about this planet's 
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remote data collection platforms on the 
surface. These platforms include 
instrumented buoys, river gauges, 
automatic weather stations, seismic and 
tsunami (“tidal” wave) stations, and ships. 
This information is transmitted to the 
satellite, which relays it to a central 
receiving station at Wallop’s Island, 
Virginia. l 

Some examples of data collected 


include information on earthquakes, wind - 


speed and direction, humidity and rainfall, 
tides, ocean currents, water levels, water 
and air temperatures, and tsunamis. 
Satellite transmission of this data to one 
center allows for faster data analysis anda 
more comprehensive picture of the 
physical state of our world. 

Normally, a network of five geo- 
stationary satellites positioned over the 
equator give nearly a complete global 
coverage from about latitude 55°N to 
55°S. Japan’s Geostationary Meteorology 
Satellite monitors eastem Asia and the 
western Pacific. The United States’ GOES 
West, positioned above 135°W longitude, 
observes the weather over western North 
America and much of the Pacific, while 
GOES East (another United States 
satellite), positioned above 75°W 
longitude, monitors North and South 
America and most of the Atlantic Ocean. 
The European Space Agency’s 
METEOSAT observes Europe, Africa, 
the Mediterranean, and the eastern 
Atlantic, while India’s INSAT monitors the 
Indian Ocean and Asia. 

. Satellites specifically designed to. 
monitor the natural resources of the earth 
(ERTS-1 and its sister satellite, LandSat) 


_ circle the earth every 103 minutes—14 


times a day—in a near-polar circular orbit 
about 918 km (570 mi) above sea level. . 
Each pass photographs a strip 185 km 
(115 mi) wide. These photographs, taken 
in several wavelength bands, provide 


geology, hydrology, oceanography, and 
ecology. LandSat also collects data. 
transmitted from remote ground stations 
in North America. These stations monitor 
avariety of environmental data, with water 
quality, rainfall amount, and snow depth 
of particular interest to the meteorologist 
and hydrologist. 

Satellite information is not confined to 
the lower atmosphere. The Solar 
Mesosphere Explorer satellite uses a 
radiometer to determine air temperature, 
water vapor content, and ozone 
distribution in the stratosphere, while the 
Dynamics Explorer Satellite flies into the 
ionosphere and magnetosphere 
sampling ionized gases with a mass 
spectrometer (basically an instrument that 
determines the masses of atoms and 
molecules). And both geostationary and 
polar orbiting satellites carry instruments 
that monitor solar activity. 

New and improved satellites are 
designed to provide even more informa- 
tion. For example, the National Oceanic 
and Atmospheric Administration plans to 
launch a polar orbiting satellite called 


- Winasat that will carry a laser instrument 


designed to obtain global wind.informa- 
tion. The next generation GOES satellites 
will be equipped with an advanced imager 
and atmospheric sounder. With infrared 
pictures having a resolution of one 
kilometer, the imager will provide better 
pictures of the earth and its cloud cover. 


- The improved sounder will be equipped 


with an array of infrared sensors capable 
of providing a more accurate profile of 
temperature and moisture at different 
altitudes across North America. Both the 
imager and sounder will be able to 


operate simultaneously, independent of - 


each other. In addition, the new GOES 


satellites may be equipped with alightning - 


mapper sensor—an instrument designed 
to continuously monitor lightning activity 
over broad areas of the earth. 


In this chapter, we have examined the different forms. 


of condensation. We saw that dew forms when the air 
temperature cools to the dew point ina shallow layer 
of air near the surface. If the dew should freeze, it pro- 
duces tiny beads of ice called frozen dew. Frost forms 
when the air cools to a dew point that is at 0°C or 
below. 

As the air cools in a deeper layer near the surface, 
the relative humidity increases and water vapor be- 
gins to condense on hygroscopic condensation nuclei, 
forming wet haze. As the, relative humidity ap- 
proaches 100 percent, condensation occurs on most 
nuclei, and the air becomes filled with tiny liquid 
droplets (or ice crystals) called fog. 


Fog forms in two primary ways: cooling of air and | 


evaporating and mixing water into the air. Radiation 
fog, advection fog, and upslope fog form by the cooling 
of air, while steam fog and frontal fog are two forms 
of evaporation (mixing) fog. Although fog has some 
beneficial effects—providing winter chilling for fruit 


trees and water for thirsty redwoods—in many places - 


it ig a nuisance, for it disrupts air traffic and it is the 

primary cause of a number of auto accidents. 
Condensation above the earth’s surface produces 

clouds. When clouds are classified according to their 
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height and physical appearance, they are divided into 
four main groups: high, middle, low, and clouds with: 
vertical development. Since each cloud has physical. 
characteristics that distinguish it from all the others, 
careful cloud observations normally lead to correct 
identification. i 

Satellites enable scientists to obtain a bird’s-eye 
view of clouds on a global scale. Polar orbiting satel- 
lites obtain data covering the earth from pole to pole, 
while geostationary“ satellites located above the 
equator continuously monitor a desired portion of the 
earth. Both types of satellites use radiometers that de-- 
tect emitted radiation. As a consequence, clouds can 
be observed both day and night. 

Visible satellite pictures, which show sunlight re- 
flected from a cloud’s upper surface, can distinguish 
thick clouds from thin clouds. Infrared pictures show 
an image of the cloud’s radiating top and can distin- 
guish low clouds from high clouds. To increase the 
contrast between cloud features, infrared photographs 
are enhanced. : 7 

Satellites do a great deal more than simply photo- 
graph clouds. They provide us with a wealth of physi- 
cal information about the earth and the atmosphere. 
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E KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


dew radiation (ground) fog cirrostratus clouds pileus clouds 

frozen dew advection fog altocumulus clouds mammatus clouds 
frost advection-radiation fog altostratus clouds contrails 
condensation nuclei upslope fog nimbostratus clouds nacreous clouds 
hygroscopic nuclei evaporation (mixing) fog stratocumulus clouds noctilucent clouds 
hydrophobic nuclei steam fog stratus clouds geostationary satellites 
dry haze frontal fog cumulus clouds polar orbiting satellites 
wet haze winter chilling cumulonimbus clouds 

fog cirrus clouds lenticular clouds 

acid fog cirrocumulus clouds banner clouds 
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W QUESTIONS FOR REVIEW 


1. 


Explain how dew, frozen dest ‘and Lo frost 
each form. y 


. Distinguish among dry here wet Hara and fog. 
. Why is fog that forms i in industrial areas normally 


thick? 


. How can fog form when the air’s relative humidity 


is less than 100 percent? 


. List two ‘primary ways in which fog forms. De- 


scribe each one. 


. What conditions are necessary for the formation of 


- radiation fog? 


14. 


15. 


. Why do ground fogs usualy “burn off” by early 


afternoon? 


. List as many positive consequences of fog as you 


can. 


. What atmospheric conditions are necessary for the 


development of advection fog? 


. List and discuss several methods used i in the dis- 


persal of warm fog. 


. Clouds are most generally classified by height. 


What are the major height categories and the cloud 
type associated with each? 


. List at least two distinguishable characteristics of 


each of the 10 basic clouds. ' 


. Why are high clouds normally thin? Why are Mey 
composed almost entirely of ice crystals? 


How can you distinguish altostratus from cirro- 
stratus? 
Which clouds are associated with each of the fol- 


lowing characteristics: . 


16. 


17. 


18. 


19. 


0, Cul kere 


. lightning 

. heavy rain showers 
mackerel sky 

. Mares’ tails 

halos 

light continuous snow 
g. hailstones 


Why does a broken layer of clouds near the hori- 


zon often appear as overcast? 

List and explain the various types of environmen- 
tal information obtained from satellites. 

How do geostationary satellites differ from polar 
orbiting satellites? 

Explain why visible and infrared images can be 
used to distinguish: (a) high clouds from low 
clouds; (b) thick clouds from thin clouds. 
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20. Why are infrared images enhanced? 


21. 


Name two clouds that form above the troposphere. 


El QUESTIONS FOR THOUGHT | 


1. 


10. 


11. 


12. 


13. 


Explain the reasoning behind the wintertime ex- 


pression, “Clear moon, frost soon.” 


- Explain why icebergs are frequently surrounded 


by fog. 


. During a summer visit to New Orleans, you stay in 


an air-conditioned motel. One afternoon, you put 
on your sunglasses, step outside, and within no 
time your glasses are “fogged up.” Explain what 
has apparently caused this. 


. While driving from cold air (well below freezing) 


into much warmer air (well above freezing), frost 
forms on the windshield of the car. Does the frost 
form on the inside or outside of the windshield? 
How can the frost form when the air is so warm? 


. Why are really clean atmospheres and really dirty 


atmospheres undesirable? 


. Why do relative humidities seldom reach 100 per- 


cent in polluted air? 


- Why are advection fogs rare over tropical water? 
. A January snowfall covers central Arkansas with 


5 in. of snow. The following day, a south wind 
brings heavy fog to this region. Explain what has 
apparently happened. 


. If all fog droplets gradually settle earthward, ex- 


plain then how fog can last (without disappearing) 
for many days ata time. © 

On a clear morning, you can see a layer of wet haze 
forming above a field. What do you know about the 
following meteorological elements in that haze 
layer: relative humidity, air temperature, dew 
point, wind speed, and visibility? 

Near the shore of an extremely large lake, explain 
why steam fog is more likely to form during the au- 
tumn and advection fog in early spring. 

On a bitter cold morning, two homes each have ice 
on their inside windows. One house has frozen 
beads of water, the other one frost. Which of the 
two homes probably has the lowest relative - 
humidity? — 

The air temperature during the night cools to the 
dew point in a deep layer, producing fog. Before 
the fog formed, the air temperature cooled each 
hour about 2°C. After the fog formed, the air tem- 


perature cooled by only 0.5°C each hour. Give two 
reasons why the air cooled more slowly after the 
fog formed. 

14. On a winter night, the air temperature cooled to 
the dew point and fog formed. Before the forma- 
tion of fog, the dew point remained almost con- 


stant. After the fog formed, the dew point began to. 


decrease. Explain why. 

15. Why can you see your breath on a cold morning? 
Does the air temperature have to be below freezing 
for this to occur? l | 

16. Explain why altocumulus clouds might be ob- 
served at 6400 m (21,000 ft) above the surface in 
Mexico City, Mexico, but never at that altitude 

= above Fairbanks, Alaska. 

17. The sky is overcast and it is raining. Explain how 
you could tell if the cloud above you is a nimbo- 
stratus or a cumulonimbus. 

18. Suppose it is raining lightly from a deck of nim- 
bostratus clouds. Beneath the clouds are small, 
ragged, puffy clouds that are moving rapidly with 

- the wind. What would you call these clouds? How 
did they probably form? 

19. What is the name of the meteorological satellite 
that photographs the clouds shown on your local 
TV news program? 


PROBLEMS AND EXERCISES 


1. The data in the chart below represent the dew-point 
- temperature and expected minimum temperature 
near the ground for various clear winter mornings 
in a southeastern city. Assume that the dew point 
remains constant throughout the night. Answer the 
following questions about the data. 


MORNING 1 
2°C (35°F) 


Dew-point temp er 
Expected minimum 


tempeyaiure wo 4°C (40°F) 


MORNING 2 
— 7°C (20°F) 


—3°C (27°F) 
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(a) On which morning would there be the greatest 
likelihood of observing visible frost? Explain 
why. 

(b) On which morning would frozen dew most 
likely form? Explain why. E 

(c) On which morning would there be black frost 
with no sign of visible frost, dew, or frozen 
dew? Explain. 

(d) On which morning would you probably only 
observe dew on the ground? Explain why. 


Sketch how each of the clouds listed below would 


appear if you were to observe them from the 
ground. (Refer to Table 7.4, p. 176 for assistance.) 
(a) cumulus humilis 

(b) cumulus congestus 

(c) altocumulus castellanús 

(d) altocumulus lenticularis 

(e) stratus fractus 

(£) stratocumulus undulatus 

(g) altostratus translucidus 

(h) cumulonimbus incus 

(i) cumulus mammatus 

(j) abanner cloud 

(k) a pileus cloud 

(1) a contrail 


. Tf a ceiling balloon rises at 120 m (about 400 ft) each 


minute, what is the ceiling of an overcast deck of 
stratus clouds 1500 m (about 5000 ft) thick if the 


balloon disappears into the clouds in 5 minutes? 
. Compare the visible satellite picture (Fig. 7.30a) 


with the infrared picture (Fig. 7.30b). With the aid 
of the infrared photograph, label on the visible pic- 
ture the regions of middle, high, and low clouds. On 
the enhanced infrared photograph (Fig. 7.31), label 
where the highest and thickest clouds appear to be 
located. 


MORNING 5 
3°C (38°F) 


MORNING 4 
-4%C (25°F) 


‘MORNING 3 
1°C (34°F) 


0°C (32°F) —4,5°C(24°F) 2%0(35F) 


l 


A mass of moist air, gliding up and over the Sierra Nevada, condenses into lenticular clouds 
on the leeward side near Verdi, Nevada. (Photo: Dick Hilton) 
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STABILITY AND 
CLOUD DEVELOPMENT 


In July and August on the high desert the thunderstorms come. 
Mornings begin clear and dazzling bright, the sky as blue as the 
Virgin's cloak, unflawed by atrace of cloud in all that emptiness. 

.. By noon, however, clouds begin to form over the mountains, 


; Sate it seems out of nowhere, out of nothing, a special Y 


creation. 
The clouds multipiy'and merge, cumulonimbus piling up like 


_ whipped cream, like mashed potatoes, like sea foam, building 
“upon one another into a second mountain range greater in 
- magnitude than the terrestrial range below. 


The massive forms jostle and grate, ions collide, and the 
sound of thunder is heard over the sun-drenched land. More 
clouds emerge from empty sky, anvil-headed giants with glints 
of lightning in their depths. An armada assembles and 
advances, floating on a plane of air that makes it appear, from 
below, as a fleet of ships must look to the fish in the sea. 


Edward Abbey, Desert Solitaire—A Season in the Wilderness 


Clouds, spectacular features in the sky, add beauty 
and color to the natural landscape. Yet, clouds are im- 
portant for nonaesthetic reasons, too. As they form, 
vast quantities of heat are released into the atmo- 
sphere. Clouds help regulate the earth’s energy bal- 
ance by reflecting and scattering solar radiation and 
by absorbing the earth’s infrared energy. And, of 
course, without clouds there would be no precipita- 
tion. But clouds are also significant because they visu- 
ally indicate the physical processes taking place in the 
atmosphere; to a trained observer, they are signposts | 
in the sky. This chapter examines the atmospheric 
processes these signposts point to, the first of which is 
atmospheric stability. — 


mj ATMOSPHERIC STABILITY 


We know from Chapter 2 that most clouds form as air 
rises and cools. Why does air rise on'some occasions 
and not on others? And why do the size and shape of 
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clouds vary so much when the air does rise? Let’s see oint tem . If the air cools to its dew-point 

how knowing about the air’s stability will a us to temperature, the E humidity becomes 100 per- 
x_ _  _ — A === a 

- answer these questions. cent. Further lifting results in condensation, a cloud 


When we speak of atmospheric stability, we are re- 
ferring to a condition of equilibrium. For example, 
rock A resting in the depression in Fig. 8.1 is in stable 
equilibrium. If the rock is pushed up along either side 
of the hill and then let go, it will quickly return to its 
original position. On the other hand, rock B, resting on 
the top of the hill, is in a state of unstable equilibrium, 
as a slight push will set it moving away from its origi- 
nal position. Applying these concepts to the atmo- 


sphere, we can see that air is in stable equilibrium 


when, after being lifted or lowered, it tends to return to 
its original position—it resists upward and down- 
ward air motions. Air that is in unstable equilibrium 
will, when given a little push, move farther away from 
its original position—it favors vertical air currents. 
Inorder to explore the behavior of 1 rising and sinking 
air, we must first review some concepts from Chapter 
2. Recall that a rising air Parcel expands and cools be- 
‘cause it moves into a region of lower pressure. A sink- 
ing parcel of air, on the other hand, moves into a region 
of greater air pressure, where it is compressed into a 
smaller volume and the air inside warms. Ifa parcel of 


air expands and cools, or compresses and warms, with 
‘flo interchange of heat with its surroundings, this situ- rate does vary, we will use an average of 6°C per 
ation is called an adiabatic process. As long as the air 1000 m (3.3°F per 1000 ft) in most of our examples and 
in the parcel is unsaturated (the relative humidity is calculations. 

less than 100 percent), the rate of adiabatic cooling or | 
warming remains constant. This rate of neat or 
cooling is about 10°C for every 10 


elevation (5.5°F per 1000 ft) EN os 


saturated air. For this reason, it is called the dry We determine the stability of the air by comparing the 


orms, and latent heat is released into the rising air. Be- 
cause the heat added during condensation offsets 
some of the cooling due to expansion, the air no longer 
cools at the dry adiabatic rate but at a lesser rate called 
the moist adiabatic rate.* (Because latent heat is 
added to the rising saturated air, the process is not 
really adiabatic.) If a saturated parcel containing water 
droplets were to sink, it would compress and warm at 
the moist adiabatic rate because evaporation of the liq- 
uid droplets would offset the rate of compressional 
warming. Hence, the rate at which rising or sinking 
>| saturated air changes temperature—the moist adia- 
batic rate—is less than the dry adiabatic rate. 

Unlike the‘dry adiabatic rate, the moist adiabatic 
rate is not constant, but varies greatly with tempera- 
‘ture, and, hence, with moisture too, as warm saturated, 


rising parcel of warm saturated air will liberate more 
heat than will a parcel of cold saturated air rising the 
same distance. As a result, the moist adiabatic rate is 
much less than the dry adiabatic rate for warm air; 
however, the two rates are nearly the same for very 
cold air. (See Table 8.1.) Although the moist adiabatic 
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adiabatic rate,* For example, suppose a parcel of un- temperature of a rising parcel to that of its surround- 
saturated surface air with a temperature of 30°C (86°F) ings. If the rising air is colder than its environment, it 
rises and cools dry adiabatically to an elevation of will be more dense (heavier) and tend to sink back to 
3000 m (about 10,000 ft) above the ground. Since it, _ its original level. In this case, the air is stable because 


cools at a rate of 10°C for each 1000 m, the total change_, ys it resists upward displacement. If the rising air is 
in temperature will be 30°C. So the parcel's final tem- 2 Warmer and, therefore, less dense (lighter) than the 
perature will be a rather cool 0°C (32°F). If the same . surrounding air, it : will continue to rise until it reaches 
parcel were brought back down to sea level, it would the same temperature as its en t. This is an 
have the same temperature as it did before it was slo unstable ae Toizer tih air’s stabil- 
lifted. ity, we need to measure the temperature both of the 


s the rising air cools, its relative humidity in- rising air and of its environment at various levels 
creases as the air temperature approaches the dew- above the earth. 


y RÁ AAA *If condensed water or ice is removed from the rising saturated air, 
- “The dry adiabatic rate may also be expressed as 3°C per 1000 feet. the cooling process is called pseudoadiabatic. 
; o ae p 


air holds more water vapor than cold saturated air. A ' 


FIGURE 8.1 When rock A is disturbed, it will return to 
its original position; rock B, however, will accelerate 
away from its original position. 


STABLE AIR Suppose we release a radiosonde and it 
sends back temperature data as shown in Fig. 8.2. 
(Such a vertical profile of temperature is called a 
sounding.) We measure the air temperature in the ver- 
tical and find that it decreases by 4°C for every 1000 m 
(2°F per 1000 ft). Remember from Chapter 2 that the 
rate at which the air temperature changes with eleva- 
tion is called the lapse rate. Because this is the rate at 
which the air temperature surrounding us would be 
changing if we were to climb upward into the atmo- 
sphere, we will refer to it as the environmental lapse 
rate. Now suppose in Fig. 8.2a that a parcel of unsatu- 
rated air with a temperature of 30°C is lifted from the 
surface. As it rises, it cools at the dry adiabatic rate 
(10°C/1000 m), and the temperature inside the parcel 
at 1000 m would be 20°C, or 6°C lower than the air sur- 
rounding it. Look at Fig. 8.2a closely and notice that, 
as the air parcel rises higher, the temperature differ- 
ence between it and the surrounding air becomes even 
greater. Even if the parcel is initially saturated (Fig. 
8.2b), it would cool at the moist rate—6°C per 


TABLE 8.1 BI The Moist Adiabatic Rate for Different 
Temperatures and Pressures in°C/1000 m and °F/1000 ft 


e TE -MPERATURE i TEMPERATURE 


=e INE eas) Se 
-40 -20 0 [40 -5 30 65 100 


5.2 4.7 3.5 24 1:61 
AO EEE 
5.1 4.4 3.0 1.9 1.4 
5.0 4.0 2.5 1.6 1.3 
4.7 3.3 1.9 1.4 1.1 


9.4 8.3 6.0 3.9 2.8 
9.3 7.9 5.4 3.5 2.6 
400 9.1 7.3 4.6 3.0 2.4 
8.6 6.0 3.4 2.5 2.0 
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1000 m—and would be colder than its environment at 
all levels. In both cases, the rising air is colder and 
heavier than the air surrounding it. In this example, 
the atmosphere is absolutely stable. The air is always 
absolutely stable when the environmental lapse rate 
is less than the moist adiabatic rate. 

Since absolutely stable air strongly resists upward 
vertical motion, it will, if forced to rise, tend to spread 
out horizontally. If clouds form in this rising air, they, 
too, will spread horizontally in relatively thin layers 
and usually have flat tops and bases. We might expect 
to see clouds—such as cirrostratus, altostratus, nim- 
bostratus, or stratus—forming in stable air. 


A STABLE ATMOSPHERE What conditions are neces- 
sary to bring about a stable atmosphere? As we have 
just seen, air is stable when the environmental lapse 
rate is small. This can occur when the air aloft warms, 
or the surface air cools. If the air aloft is being replaced 
by warmer air (warm advection), and the surface air is 
not changing appreciably, the environmental lapse 
rate decreases and the air becomes more stable. Simi- 
larly, the environmental lapse rate decreases and air 
becomes more stable when the lower layer cools. The 
cooling of the surface air may be due to: 


1. nighttime radiational cooling 
2. an influx of cold air (cold advection) 
3. air moving over a cold surface 


These conditions can produce a persistent fog where 
the stable air keeps the fog from rising and dissipating. 

Another way the atmosphere becomes more stable 
is when an entire layer of air sinks. For example, if a 
layer of unsaturated air over 1000 m thick and cover- 
ing a large area subsides, the entire layer will warm by 
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Altitude (m) 
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(b) Lifted, saturated air at A ' 
each position is colder and 
heavier than the air surround- 
ing it. If released, the parcel 
would return to its original 
position. 


FIGURE 8.2 An absolutely stable atmosphere occurs when the environmental lapse rate is less 


than the moist adiabatic rate. 


adiabatic compression. As the layer subsides, it be- 
‘comes compressed by the weight of the atmosphere 
and shrinks vertically. The upper part of the layer 
sinks farther, and, hence, warms more than the bottom 


part. This is illustrated in Fig. 8.3. After subsiding, the © 


top of the layer is actually warmer than the bottom, 
and an inversion is formed. Inversions that form by 
slowly sinking air over a large area are called subsi- 


‘dence inversions. They sometimes occur at the sur- 


face, but more frequently, they are observed aloft and 
are often associated with large high-pressure areas be- 
cause of the sinking air motions associated with these 
systems. 

An inversion represents an E that i is abso- 
lutely stable. Why? Within the inversion, warm air 
overlies cold air, and, if air rises into the inversion, itis 


‘becoming colder, while the air around it is getting. 


warmer. Obviously, the colder air would tend to sink. 
Inversions, therefore, act as lids on vertical air motion. 


When an inversion exists near the ground, stratus, fog, 
haze, and pollutants are all kept close to the surface. 
(See Fig. 8.4.) In fact, most air pollution alerts occur 
with subsidence inversions. : 

Before we turn our attention to unstable air, let’s 
first examine a condition known as neutral stability. If 
the lapse rate is exactly equal to the dry adiabatic rate, 
rising or sinking unsaturated air will cool or warm at 
the same rate as the air around it. At each level, it 
would have the same temperature and density as the 
surrounding air. Because this air tends neither to con- 


- tinue rising nor sinking, the atmosphere is said to be 


neutrally stable. For saturated air, neutral stability 
exists when the environmental lapse rate is equal to 
the moist adiabatic rate. 


UNSTABLE AIR Suppose a radiosonde sends back the 
temperatures above the earth as plotted in Fig. 8.5. 
Once again, we determine the air’s stability by com- 


paring the environmental lapse rate to the moist and 
dry adiabatic rates. In this case, the environmental 
lapse rate is 11°C per 1000 m (6°F per 1000 ft). A rising 
parcel of unsaturated surface air will cool at the dry 
adiabatic rate. Because the dry adiabatic rate is less 
than the environmental lapse rate, the parcel will be 
warmer than the surrounding air and will continue to 
rise, constantly moving upward, away from its origi- 
nal position. The atmosphere is unstable. Of course, a 
parcel of saturated air cooling at the lower moist 
adiabatic rate will be even warmer than the air around 
it (Fig. 8.5b). In both cases, the air parcels, once they 
start upward, will continue to rise on their own be- 
cause they are warmer and less dense than the air 
around them. The atmosphere in this example is said 
to be absolutely unstable. Absolute instability results 
when the environmental lapse rate is greater than the 
dry adiabatic rate. Usually, absolute instability is lim- 
ited to a shallow layer of surface air on hot, sunny 
days. 3 
So far, we have seen that the atmosphere is abso- 
lutely stable when the environmental lapse rate is less 
than the moist adiabatic rate and absolutely unstable 
when the environmental lapse rate is greater than the 
dry adiabatic rate. However, a typical type of instabil- 


ity exists when the lapse rate lies between the moist | 


and dry adiabatic rates. 

The environmental lapse rate in Fig. 8.6 is 7°C per 
1000 m (4°F per 1000 ft). Whena parcel of unsaturated 
air rises, it cools dry adiabatically and is colder at each 
level than the air around it (Fig. 8.6a). It will, therefore, 
tend to sink back to its original level because itisina 
stable atmosphere. Now, suppose the rising parcel is 
saturated. As we can see in Fig: 8.6b, the rising air is 
warmer than its environment at each level. Once the 
parcel is given a push upward, it will tend to move in 
that direction; the atmosphere is unstable for the satu- 
rated parcel. In this example, the atmosphere is said to 
be conditionally unstable. This type of stability de- 
pends upon whether or not the rising air is saturated. 
When the rising parcel of air is unsaturated, the atmo- 
sphere is stable; when the parcel of air is saturated, the 
atmosphere is unstable. Conditional instability means 
that, if unsaturated air could be lifted to a level where 
it becomes saturated, instability would result. 

Conditional instability occurs whenever the en- 
vironmental lapse rate is between the moist adiabatic 
rate'and the dry adiabatic rate. Recall from Chapter 2 
that the average lapse rate in the troposphere is about 
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Pressure (mb) 


Elevation (m) 


40 -30 -20 -10 0 10 20°C 
-40 -22 A 14 32 50 68°F 


FIGURE 8.3 - The layer x-y is initially 1400 m thick. If the entire layer 
slowly subsides, it shrinks in the more-dense air near the surface. As a 
result of the shrinking, the top of the layer warms more than the bottom; 
and the entire layer (x’—y’) becomes more stable. 


FIGURE 8.4 Stable air. A thick layer of haze and smoke is trapped in 
the valley. The top of the haze layer marks the base of a sudsidence 
inversion. e j 


194 CHAPTER 8 STABILITY AND CLOUD DEVELOPMENT 


` Temperature of 
environment (°C) 


3 , s 
_ Tate 77 i 
10 cA m 8 ro. 


2000 Xi 
y N F 
ve e y | Taa S 
Ke} \ Ñ Co] 
p \ 
h D: 
1000 1 y 


lapse rate 


ALIRG/ 1000 mall aS. 


0 10 -20 30°C ‘ 
32) 950 68 86°F | 
ME Temperature of 
(a) lifted unsaturated 
: air (°C) l 
(dry rate) 


(a) The rising, unsaturated air parcel 
at each level is warmer and lighter 
than the air around it. If given the 
chance, the air parcel would accel- 
erate away from its original position. 


3000 


2000 


Temperature of 
_ environment (°C) 


1 3x 


\ Moist 1, 
\ adiabatic ‘ 


\ rate i : 
: - 
\ 6°C/1000 m 8° Ww 
\ 

19° Ko 


Environmental 
lapse rate 


11°C/1000 m 


0 10 20 30°C 
32% 50 68 86°F | 
. Temperature of 
(b) lifted saturated 
i - dir (°C) 
(moist rate) 


(b) The rising, saturated air parcel 
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move away from its original position, 


FIGURE 8.5 An absolutely unstable atmosphere occurs when the environmental lapse rate is 


greater than the dry adiabatic rate. 


6.5°C per 1000 m (3.6°F per 1000 ft). Since this value 
lies between the dry adiabatic rate and the average 


moist rate, the atmosphere is- ordinarily in a state of E 


conditional instability. (Figure 8.7 summarizes the 
concept of an unstable, conditionally unstable, and 
stable atmosphere.) 

As the atmosphere becomes more unstable, vertical 
motions increase, and thicker cumuliform clouds 
begin to form. Two questions arise: (1) What mech- 
anisms cause the atmosphere to become more un- 
stable? (2) What causes air to rise so that clouds are 
able to form? (Unstable air normally needs a “trigger” 
to start it moving upward.) | 


CAUSES OF INSTABILITY The atmosphere becomes 
more unstable as the environmental lapse rate steep- 
ens—that is, as the air temperature drops rapidly with 


increasing height. This may be caused by an influx of 


cold air aloft (cold advection aloft), by radiational 


cooling of the air aloft, or by the warming of air near 
the surface. The warming of the surface air may be due 
to: i 


1. daytime heating of the surface 

2. warm surface air moving into the region (warm ad- 
vection) ə TE 

3. air moving over a warm surface 


The combination of cold air aloft and warm surface air 
‘can produce a steep lapse rate and an unstable atmo- 
sphere, (See Fig. 8.8.) j 
At this point, it should be noted that the stability of 
the air changes during the course of a day. In clear, 
calm weather around sunrise, surface air is normally 
colder than the air above it, a radiation inversion 
exists, and the air is quite stable as indicated by smoke 
or haze lingering close to the ground. As the day pro- 
_ 8resses, sunlight warms the surface and the surface 
warms the air above. As the air temperature near the 


ground increases, the lower atmosphere gradually be- 
comes unstable, with maximum instability usually oc- 
curring during the hottest part of the day.On a humid 
summer afternoon this phenomenon can be witnessed 
by the development of cumulus clouds. But changes 
in the air’s stability can also be seen by watching 
smoke plumes from tall chimneys. (More on this is 
given in the Focus section on p. 198.) 

Up to this point, we have seen that a layer of air may 
become unstable by either cooling the air aloft or 
warming the air at the surface. A layer of air may also 
be made more unstable by either mixing or lifting. 
Let’s look at mixing first. In Fig. 8.9, the environmental 
lapse rate before mixing is less than the moist rate, and 
the layer is stable (A). Now, suppose the air in the layer 
is mixed either by convection or wind-induced turbu- 
lent eddies. Air is cooled adiabatically as it is brought 


up from below and heated adiabatically as it is mixed — 


downward. The up and down motion in the layer re- 
distributes the air in such a way that the temperature 


at the top of the layer decreases, while, at the base, it 
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increases. This steepens the environmental lapse rate 
and makes the layer more unstable. If this mixing con- 
tinues for some time, and the air remains unsaturated, 
the vertical temperature distribution would eventu- 
ally be equal to the dry adiabatic rate (B). 

Just as lowering an entire layer of air makes it more 
stable, the lifting of a layer makes it more unstable. In 
Fig. 8.10, the air lying between 1000 mb and 900 mb is 
initially absolutely stable since the environmental 
lapse rate of layer x—y is less than the moist adiabatic 
rate. The layer is lifted, and, as it rises, the rapid de- 
crease in air density aloft causes the layer to stretch 
out vertically. If the layer remains unsaturated, the en- 
tire layer cools at the dry adiabatic rate. Due to the 
stretching effect; however, the top of the layer cools 
more than the bottom. This steepens the environmen- 
tal lapse rate. Note that the absolutely stable layer x-y, 
after rising, has become conditionally unstable be- 
tween 500 and 600 mb (layer x’—y’). 

A very stable air layer may be converted into an ab- 
solutely unstable layer when the lower portion ofa 
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FIGURE 8.6 Conditionally unstable air. The atmosphere is stable if the rising air is unsaturated (a), — 


but unstable if the rising air is saturated (b). 
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FIGURE 8.7 When the environmental lapse rate is greater than the dry 
adiabatic rate, the atmosphere is absolutely unstable. When the 
environmental lapse rate is less than the moist adiabatic rate, the 
atmosphere is absolutely stable. And when the environmental lapse rate 


lies between the dry adiabatic rate and the moist a ai (shaded 
area), the atmosphere is conditionally unstable. 4 


layer is moist and the upper portion is quite dry. In 
Fig. 8.11, the inversion layer between 900 and 850 mb 
is absolutely stable. Suppose the bottom of the layer is 
saturated while the air at the top is unsaturated. If the 
layer is forced to rise, even a little, the upper portion of 
the layer cools at the dry adiabatic rate and grows cold 
quite rapidly, while the air near the bottom cools more 
slowly at the moist adiabatic rate. It does not take 
much lifting before the upper part of the layer is much 
colder than the bottom part; the environmental lapse 
rate steepens and the entire layer becomes absolutely 
unstable (layer a'—b'). The potential instability, 
brought about by the lifting of a stable layer whose sur- 
face is humid and whose top is “dry,” is called convec- 


tive instability. Convective instability is associated 


with the development of severe storms, such as thun- 
derstorms and tornadoes. pave 

_ Up to now, we have looked briefly at stability as it 
relates to cloud development; that is, layered clouds 


FIGURE 8.8 Unstable air. The warmth from the forest fire heats the air, 


causing instability near the surface. Warm, less-dense air (and smoke) 
bubbles upward, expanding and cooling as it rises. Eventually the rising 


«air cools to its dew point, condensation begins, and a cumulus cloud 


forms. 


tend to form in stable air, while cumuliform clouds 
tend to form in unstable air. The following section de- 
scribes how atmospheric stability influences the phys- 
ical mechanisms responsible for the development of 
individual cloud types. 


E CLOUD DEVELOPMENT 
AMD 


Most clouds form as air rises, expands, and cools. Bas- 


` ically, the following mechanisms are responsible for 


the development of the majority of clouds we observe: 
(a) surface heating and free convection; (b) topog- 
raphy; (c) widespread ascent due to convergence of 
surface air; and (d) uplift along weather fronts. (See 
Fig. 8.12.) 


CONVECTION AND CLOUDS Some areas of the earth’s 
surface are better absorbers of solar radiation than 


others and, therefore, heat up more quickly. The air in 
contact with these “hot spots” becomes warmer than 
its surroundings. A hot “bubble” of air—a thermal— 
breaks away from the warm surface and rises, expand- 
ing and cooling as it ascends. As the thermal rises, it 
mixes with the cooler, drier air around it and gradu- 
ally loses its identity. Its upward movement now 


_ slows. Frequently, before it is completely diluted, sub- 


sequent rising thermals penetrate it and help the air 
rise a little higher. If the rising air cools to its satura- 
tion point, the moisture will condense, and the ther- 
mal becomes visible to us as a cumulus cloud. i 

Observe in Fig. 8.13 that the air motions are down- 
ward on the outside of the cumulus cloud. The down- 
ward motions are caused in part by evaporation 
around the outer edge of the cloud, which cools the 
air, making it heavy. Another reason for the down- 
ward motion is the completion of the convection cur- 
rent started by the thermal. Cool air slowly descends 
to replace the rising warm air. Therefore, we have ris- 
ing air in the cloud and sinking air around it. Since 
subsiding air greatly inhibits the growth of thermals 
beneath it, small cumulus clouds usually have a great 
deal of blue sky between them. (See Fig. 8.14.) 

As the cumulus clouds grow, they shade the ground 
from the sun. This, of course, cuts off surface heating 


and upward convection. Without the continual sup- | 


ply of rising air, the cloud begins to erode as its drop- 
lets evaporate. Unlike the sharp outline of a growing 
cumulus, the cloud now has indistinct edges, with 
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FIGURE 8.9 Mixing tends tosteepen the lapse rate. Rising, cooling air 
lowers the temperature toward the top of the layer, while sinking, 
warming air increases the temperature near the bottom. 
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FIGURE 8.10  Thelifting of an entire layer of air (x—y) tends to increase 


- the instability of the layer. 


cloud fragments extending from its sides. As the cloud 
dissipates (or moves along with the wind), surface 
heating begins again and regenerates another thermal, 
which becomes a new cumulus. This is why you often 
see cumulus clouds form, gradually disappear, then 
reform in the same spot. 

Suppose that it is a warm, humid summer afternoon 
and the sky is full of cumulus clouds. The cloud bases 
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FIGURE 8.11 Convective instability. The layer a—bis initially absolutely 
stable. The lower part of the layer is saturated, and the upper part is 
“dry.” After lifting, the entire layer (a’—b’) becomes absolutely unstable. 
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We have seen that during the course of a 
day, the stability of the atmosphere, 
especially near the ground, changes. 
Occasionally, this can be visualized by 
observing the behavior of smoke leavinga 
- Stack. Figure 1 illustrates the type of 
smoke plumes that may develop with 
- different temperature profiles and, hence, 
- different conditions of stability. In diagram 
A, it is early morning and the atmosphere 
is stable with a radiation inversion 
extending from the surface to well above 
the height of the stack. In this stable 
environment, there is little vertical mixing 
and so the smoke spreads horizontally 
rather than vertically. When viewed from 
above, the smoke plume resembles the 
-shape of à fan, and it is referred to as a 
fanning plume.. ak 

Later in the morning, the air near the 
Surface warms quickly and becomes 
unstable (diagram B). Surface heating has 
not quite destroyed the inversion, 
however. Consequently, air is stable 
above the stack and unstable below. . 
Because of the stable layer, vertical ` 
motions are confined to the region near 
_ the surface. Hence, the smoke mixes. 
downward, increasing the concentration 
of pollution near the surface, sometimes 
to dangerously high levels. This effect ig 
Called fumigation. 

As daytime heating continues, the 
atmosphere may become unstable. 
Rising and sinking air cause the smoke to 
move up and down ina looping pattem 
(diagram C). The continued rising of warm 
air and sinking of cool air can cause the 
temperature profile to equal that of the dry 
adiabatic rate (diagram D). In this neutral 
atmosphere, the smoke from the stack 
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FIGURE 1 Smoke-plume pattems that are related to various types of atmospheric stability. 


inversion prevents the smoke from mixing 
downward, the smoke is carried upward, 
producing a lofting smoke plume. 

As you watch the behavior of smoke 
plumes, keep in mind that the atmo- 
spheric conditions they signify are often a 
clue as to the type of cloud formations that 
may occur. 


tends to take on the shape of a cone 
because vertical and horizontal motions 
are about equal. After sunset, the ground 
cools rapidly and the radiation inversion 
reappears. When the top of the inversion 
extends upward to slightly above the 
stack, there is stable air near the ground 
with neutral (or slightly unstable) air above 
(diagram E). Because the stable air in the 


ne A 


are all at nearly the same level above the ground and 
the cloud tops extend only about a thousand meters 
higher. The development of these clouds depends pri- 
marily upon the air’s stability and moisture content. 
To illustrate how these factors influence the formation 
of a convective cloud, we will examine the tempera- 
ture and moisture characteristics within a rising bub- 
ble of air. Since the actual air motions that go into 
forming a cloud are rather complex, we will simplify 
matters by making these assumptions: 


1. No mixing takes place between the rising air and its 
surroundings. 
Har po a single thermal pro duces the cumulus cloud. 


aed O ll 


Convection 
(a) 
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3. The cloud forms when the relative humidity is 100 
- percent. 
4. The rising air in the cloud: remains saturated. 


The environmental lapse rate on this particular day 
is plotted in Fig. 8.15. The changing environmental 
lapse rate indicates changes in the air's stability. The 
environmental lapse rate in layer A is greater than the 
dry adiabatic rate, so the layer is absolutely unstable. 
The air layers above it—layer B and layer C—are both 
absolutely stable since the environmental lapse rate in 
each layer is less than the moist adiabatic rate. How-. 
ever, the overall environmental lapse rate from the 
surface up to the base of the inversion (2000 m) is 
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FIGURE 8.12 The primary ways clouds form: (a) surface heating and convection; (b) forced lifting 
along topographic barriers; (c) convergence of surface air; (d) forced lifting along weather fronts. 
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_ Condensation level. 


FIGURE 8.13 Cumulus clouds form as hot, invisible air bubbles detach themselves from the 
surface, then rise and cool to the condensation level. Below and within the cumulus clouds, the airis 


rising. Around the cloud, the air is sinking. 


FIGURE 8.14 Cumulus clouds building over the warm Florida 
landscape. Each tiny cloud represents a region where thermals are 
rising from the surface. The clear areas between the clouds are regions 
where the air is sinking. Clouds are notably absent over d liamu 
cooler water... 


7.5°C per 1000 m (4.1°F per 1000 ft), which indicates 
conditional instability. 

Now, suppose that a warm bubble of air with an air 
temperature and dew-point temperature of 35°C and 
27°C (95°F and 80.5°F), respectively, breaks away from 
the surface and begins to rise. Notice that, a short dis- 


tance above the ground, the air inside the bubble is 


warmer than the air around it, so itis buoyant and rises 
freely. The rising air cools at the dry adiabatic rate and 
the dew point falls, but not as rapidly.* The rate at 
which the dew point drops varies with the moisture 


content of the rising air, but an approximation of 2°C ' 


per 1000 m (1°F per 1000 ft) is commonly used. So, as 
unsaturated rising air cools, the air temperature and 
dew point approach each other at the rate of 8°C per 
1000 m (4.5°F Bey 1000 ft). This process causes an in- 
crease in the air’ s relative humidity. 


*The decrease in dew-point temperature is caused by the rapid de- 
crease in air pressure within the rising air. Since the dew point is 
directly related to the actual vapor pressure of the rising air, a de- 
crease in total air pressure causes a corresponding decrease in 


` vapor pressure and, hence, a lowering of the dew-point tempera- 


ture. 
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FIGURE 8.15 The development of a cumulus cloud. 


At an elevation of 1000 m (3300 ft), the air has 
cooled to the dew point, the relative humidity is 100 
percent, condensation begins, and a cloud forms. The 
elevation where the cloud forms is called the conden- 
sation level. Above the condensation level the rising 
air is saturated and cools at the moist adiabatic rate. 
Condensation continues to occur, and the dew point 
within the cloud drops more rapidly with increasing 
height than before. The air remains saturated as both 
the air temperature and dew point decrease at the 
moist adiabatic rate. * 

The rising air remains warmer than the environ- 
ment ‘and continues its spontaneous rise upward 


through layer B (Fig. 8.15). The top of the bulging © 


cloud at 2000 m (about 6600 ft) represents the top of 
the rising air, which has now cooled to a temperature 


equal to its surroundings. The air would have a — 


difficult time rising much above this level because of 
the stable subsidence inversion directly above it. The 
subsidence inversion, associated with the downward 


T oe 

*A more sudden decrease in the dew-point temperature occurs 
above the condensation level because the water vapor content of 
the air lowers as liquid cloud droplets form. 


air motions of a high-pressure system, prevents the 
clouds from building very high above their bases. 
Hence, an afternoon sky full of flat-base cumuli with 
little vertical growth indicates fair weather. (Recall 
from Chapter 7 that the proper name of these fair- 
weather cumulus clouds is. cumulus humilis.) 

As we can see, the stability of the air above the con- 
densation level plays a major role in determining the 
vertical growth ofa cumulus cloud. Notice in Fig. 8.16 
that, when a deep stable layer begins a short distance 
above the cloud base, only cumulus humilis are able to 
form. If a deep unstable layer exists above the cloud 
base, cumulus congestus are likely to grow, with bil- 
lowing cauliflowerlike tops. When the unstable layer 
is extremely deep—usually greater than 4 km (2.5 
mi)—the cumulus congestus may even develop into a 
cumulonimbus. 

Seldom do cumulonimbus clouds extend very far 
above the tropopause. The stratosphere is quite stable, 
so once a cloud penetrates the tropopause, it usually 
stops growing vertically and spreads horizontally. 
The low temperature at this altitude produces ice crys- 
tals in the upper section of the cloud. In the middle 
latitudes, high winds near the tropopause blow the ice 
crystals horizontally, producing the flat anvil-shaped 
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FIGURE 8.16 Theairs Se qu greatly influences the growth of cumulus clouds. 
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top so characteristic of comal alenda Eis by the injection of cooler air into the cloud and the 
Fig. 8.17. J ; 5 subsequent evaporation of the cloud droplets. If the 
ne vertical d development of a cor sy FLA loud a K rate of cooling approaches the dry adiabatic rate, the 
depends upon the mixing that around its air stops rising and the cloud no longer builds, even 
peri hery The rising, ck lor S C SIET air though the lapse rate may indicate a conditionally un- 
tes uch mixing is cal lled entrainmen > If the envi- stable atmosphere. 
- ronment around the cloud is very dry, the cloud drop- - Up to now, we have looked at convection over land. 
lets quickly evaporate. The effect of entrainment, Convection and the development of cumulus clouds 
then, is to increase the rate at which the rising air cools also occur over large bodies of water. As cool air flows 


FIGURE 8.17 Cumulus clouds developing 
into thunderstorms in unstable air over the 
Great Plains. Notice that the cumulonimbus 
‘in the distance, with the anvil top, has 
reached the stable stratosphere. 


over a body of relatively warm water, the lowest layer 
of the atmosphere becomes warm and moist. This in- 
duces instability—convection begins and cumulus 
clouds form. If the air moves over progressively 
warmer water, as is sometimes the case in the open 
ocean, more active convection occurs and a cumulus 
cloud can build into cumulus congestus and finally 
into cumulonimbus. This sequence of cloud develop- 
ment is observed from satellites as cold northerly 
winds move southward over the northern portions of 
the Atlantic and Pacific oceans. l 

Once a convective cloud forms, stability, humidity, 
and entrainment all play a part in its vertical develop- 
ment. The level at which the cloud initially forms, 
however, is determined primarily by the temperature 
and moisture content of the original thermals. (The 
Focus section on p. 204 uses this information and a 
simple formula to determine the bases of convective 
clouds.) 


TOPOGRAPHY AND CLOUDS Horizontally moving air 
obviously cannot go through a large obstacle, suchasa 


mountain, so the air must go over it. Forced lifting. 


along a topographic barrier is called orographic uplift. 
Often, large masses of air rise when they approach a 
long chain of mountains like the Sierra Nevada or 


Rockies. This lifting produces cooling, and, if the air is 
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FIGURE 8.18 Orographic uplift and 
cloud development. 
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humid, clouds form. Clouds produced in this manner 
are called orographic clouds. The type of cloud that 
forms will depend on the air’s stability and moisture 
content. On the leeward side of the mountain, as the 
air moves downhill, it warms. This sinking air is now 
drier, since much of its moisture was removed in the 
form of clouds and precipitation on the windward 
side. This region on the leeward side, where precipita- 
tion is noticeably less, is called arain shadow. 

An example of orographic uplift and cloud develop- 
ment is given in Fig. 8.18. Before rising up and over the 
barrier, the air at the base of the mountain (0 meters) 
on the windward side has an air temperature of 20°C 
(68°F) and a dew-point temperature of 12°C (54°F). 
Notice that the atmosphere is conditionally unstable, 
as indicated by the environmental lapse rate of 8°C per 
1000 meters. (Remember from our earlier discussion 
that the atmosphere is conditionally unstable when 
the environmental lapse rate falls between the dry 
adiabatic rate and the moist adiabatic rate.) 

As the unsaturated air rises, the air temperature de- 
creases at the dry adiabatic rate (10°C per 1000 m) and 
the dew-point temperature decreases at 2°C per 1000 
meters. Notice that the rising, cooling air reaches its 
dew point and becomes saturated at 1000 meters. This 
level (called the lifting condensation level, or LCL) 
marks the base of the cloud that has formed as air is. 
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The bases of cumulus clouds that form by 
convection can be estimated quite easily 
when the surface air temperature and 
dew point are known. If the air is not too 
windy, we can assume that entrainment 
of air will not change the characteristics of 
arising thermal. Since the rising air cools 
at the dry adiabatic rate of about 10°C per 
1000 m, and the dew point drops at 
about 2°C per. 1000 m, the air tempera- - 
ture and dew point approach each other 
at the rate of 8°C for every 1000 mofrise. 

“ Rising surface air with an air temperature 
and dew point spread of 8°C would 
produce saturation and a cloud atan . 
elevation of 1000 m. Another way to look 
at it is that a 1°C difference between the 
surface air temperature and the dew point 

produces a cloud base at 125 m. 

_ Therefore, by finding the difference 
between surface air temperature (7) and 
dew point (Ta), and multiplying this value 

- by 125, we can estimate the base of the 
convective cloud forming overhead: 


Hmeter = 125 (T — Ta) (1) 


where H is the cloud height in Peers 
above the surface, with both T and Ty 

- measured in degrees Celsius. If T and Ty 
are in °F, H can be calculated with the 
formula: 


Hisi = 222 (T.— ah | (2) 


To illustrate the use of formula 1, let’s 
determine the base of the cumulus cloud 
in Fig. 8.15. Recall that the surface air 
temperature and dew point were 35°C 
` and 27°C, respectively. The difference, 

_ T— Ta, is 8°C. This value multiplied by 125 
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FIGURE 2 During the summer, cumulus cloud bases typically increase in elevation above 


gives us a cumulus cloud with a base at 
1000 m above the ground. This agrees 
with the condensation level we originally 
calculated. S 

Along the East Coast in summer, the air 


-is warm and muggy, and the separation 


between air temperature and dew point 
may be smaller than 9°C (16°F). The bases 
of afternoon cumulus clouds over cities, 
such as Philadelphia and Baltimore, are 
typically about 1000 m (3300 ft) above the 


_ ground. Further west, in the Central 


Plains, where the air is drier and the 
spread between surface air temperature 


and dew point is greater, the cloud bases . 
are higher. For example, west of Salina, 


“the ground as one moves westward into the drier air of the Central Plains. 


Kansas, the cumulus cloud bases are 
generally greater than 1500 m (about 
5000 ft) above the surface. On a summer 
afternoon in central Nevada, it is not 
uncommon to observe cumulus forming 
at 2400 m (about 8000 ft). In the Central 
Valley of California, where the summer 
afternoon spread between air tempera- 
ture and dew point usually exceeds 22°C 
(40°F), the air must rise to almost 2700 m ' 
(about 9000 ft) before a cloud forms. Due 
to sinking air aloft, thermals in this area are 
unable to rise to that elevation, and 
afternoon cumulus clouds are seldom 
observed forming overhead. 


lifted (in this case by the mountain). As the rising satu- 
rated air condenses into many billions of liquid cloud 
droplets, and as latent heat is liberated by the con- 
densing vapor, both the air temperature and dew- 
point temperature decrease at the moist adiabatic rate. 

At the top of the mountain, the air temperature and 
dew point are both —2°C. Note in Fig. 8.18 that this 
temperature (—2°C) is higher than that of the sur- 
rounding air (—4°C). Consequently, the rising air at 
this level is not only warmer, but unstable with re- 
spect to its surroundings. Therefore, the rising air 
should continue to rise and build into a much larger 
cumuliform cloud. 

Suppose, however, that the air at the top of the 
mountain (temperature and dew point of —2°C) is 
forced to descend to the base of the mountain (0 me- 


ters) on the leeward side. If we assume that the cloud + 


remains on the windward side and does not extend 
beyond the mountain top, the temperature of the sink- 
ing air will increase at the dry adiabatic rate (10°C per 
1000 m) all the way down to the base of the mountain. 
(The dew-point temperature increases at a much 
lower rate of 2°C/1000 m.) 

Wecansee in Fig. 8.18 that on the leeward side, after 
descending 3000 meters, the air temperature is 28°C 
(82°F) and the dew-point temperature is 4°C (39°F). 


The air is now 8°C (14°F) warmer than it was before’ 


being lifted over the barrier. The higher air tempera- 
ture.on the leeward side is the result of latent heat 
being converted into sensible heat during condensa- 
tion on the windward side. (In fact, the rising air at the 
top of the mountain is considerably warmer than it 
would have been had condensation not occurred.) The 
lower dew-point temperature and, hence, drier air on 
the leeward side is the result of water vapor condens- 
ing and then remaining as liquid cloud droplets and 
precipitation on the windward side. (A graphic rep- 
resentation of the preceding example is given in the 
Focus section on adiabatic charts, p. 206.) 

Although clouds are more prevalent on the wind- 
ward side of mountains, they may, under certain at- 
mospheric conditions, form on the leeward side as 
well. For example, stable air flowing over a mountain 
often moves in a series of waves that may extend for 


several hundred kilometers on the leeward side. | 


These waves resemble the waves that form in a river 
downstream from a large boulder. Recall from Chapter 
7 that wave clouds often have a characteristic lens 
shape and are called lenticular clouds. Lenticular 
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clouds that form in the wave directly over the moun- 
tain are called mountain wave clouds, and those that 
form downwind of the mountain are called lee wave 
clouds. | 

The formation of lenticular clouds is shown in Fig. 


8.19. As moist air rises on the upwind side ofthe wave, 


po» 


it cools and condenses, producing a cloud. On the 
downwind side of the wave, the air sinks and warms; 
the cloud evaporates. Viewed from the ground, the 
clouds appear motionless as the air rushes through 
them; hence, they are often referred to as standing 
wave clouds. Since they most frequently form at alti- 
tudes where middle clouds form, they are called alto- 
cumulus standing lenticulars. 

When the air between the cloud-forming layers is 
too dry to produce clouds, lenticular clouds will form 
one above the other. Actually, when a strong wind 
blows almost perpendicular toa high mountain range, 
mountain waves may extend into the stratosphere, 
producing a spectacular display, sometimes resem- 
bling a fleet of hovering spacecraft (Fig. 7.21, p. 175.) 

Notice in Fig. 8.19 that beneath the lee wave cloud,a - 
large swirling eddy forms. The rising part of the eddy ` 
may cool enough to produce rotor clouds. The air in 
the rotor is extremely turbulent and presents a major 
hazard to aircraft in the vicinity. Dangerous flying con- 
ditions also exist near the leeside of the mountain, 
where strong downwind air motions are present. 
(These types of winds will be treated in more detail in 
Chapter 11.) 


WIDESPREAD ASCENT AND CLOUDS Just as mountains 


- force air to rise, the convergence—flowing together— 


of air in the lower troposphere will initiate lifting and 
(Text continues On p. 208.) 
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FIGURE 8.19 The formation of lenticular clouds. _ 
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FOCUS ON AN ADVANCED TOPIC 


The adiabatic chart is a valuable tool for 
anyone who studies the atmosphere. The 
chart itself is a graph that shows how 
various atmospheric elements change 
with altitude. (See Fig. 7.) At first glance, 
the chart appears complicated because 
of its many lines. We will, therefore, 
construct these lines on the chart step by 
- step. 

Figure 3 shows horizontal lines of 
pressure decreasing with altitude, and 
vertical lines of temperature in °C 
increasing toward the right. The height 
values on the far right are approximate 
elevations that have been computed 
assuming that the air temperature - 
decreases at a standard rate of 6.5°C 
per km. 

In Fig. 4, the slanted solid es lines are 


called dry adiabats. They show how the * 


air temperature would change inside a, 
rising or descending unsaturated air - 
parcel. Suppose, for example, that an 
unsaturated air parcel at the surface 


(pressure 1013 mb) with a temperature of ` 


10°C rises and cools at the dry adiabatic 
rate (10°C per km). What would be the 
parcel temperature at a pressure of 900 


FIGURE 3 


Pressure (mb) 


Temperature (°C) 


ADIABATIC CHARTS re? Ce be PD fy 


mb? To find out, simply follow the dry 
adiabat from the surface temperature of 
10°C up to where it crosses the 900-mb 
line. Answer: 0°C. If the same parcel 


"returns to the surface, follow the dry 
adiabat back to the surface and read the 


temperature, 10°C. 

On some charts, the dry adiabats are 
expressed as a potential temperature in 
Kelvins. The potential temperature is the 
temperature an air parcel would have if it 
were moved dry adiabatically to a 
pressure of 1000 mb. Moving parcels to 
the same level allows them to be. 
observed under identical conditions. 
Thus, it can be determined which parcels 
are potentially warmer than others. 

The sloping dashed blue lines in Fig. 5 
are called moist adiabats. They show 
how the air temperature would change 
inside a rising or descending parcel of 
saturated air. In other words, they 
represent the moist adiabatic rate for a 

rising or sinking saturated air parcel, such 
as in a cloud. A 
- The sloping gray lines in Fig. 6 are les 
of constant mixing ratio. At any given 
temperature and pressure, they show 


ES 
Ns 


FIGURE 4 


Pressure (mb) 


[e2] 
` Altitude 


how much water vapor the air could hold if 
it were saturated—the saturation mixing 
ratio (w.) in grams of water vapor per 
kilogram of dry air (g/kg). At a given 
dew-point temperature, they show how 
much water vapor the air is actually 
holding—the actual mixing ratio (w) in 
g/kg. Hence, given the air temperature 
and dew-point temperature at some level, 
we can compute the relative humidity of 
the air.* For example, suppose at the 
surface (pressure 1013 mb) the air 
temperature and dew-point temperature 
are 29°C and 15°C, respectively. In Fig. 6, 
observe that at 29°C the saturation mixing 
ratio (w,) is 26 g/kg, and with a dew-point 
temperature of 15°C, the actual mixing 
ratio (w) is 11 g/kg. This produces a 
relative humidity of 1/6 x 1 we percent, or 
42 percent. 

‘The mixing ratio lines also show how 
the dew-point temperature changes in a 
rising or sinking unsaturated air parcel. If 
an unsaturated air parcel with a dew point 


*The relative humidity (RH) of the air can be 
expressed as: RH = w/w, x 100%. 


Temperature (°C) 
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- FIGURE 7 The adiabatic chart. The arrows 
—20 —10 0 inthe chart illustrate the example given inthe 
Temperature (°C) text. 


of 15°C rises from the surface (pressure Figure 7 shows all of the lines described air that rises up and over a mountain 


1013 mb) up to where the pressure is 700 thus far ona single chart. We have already range. 

mb (approximately 3 km), notice in Fig. 6 seen that the chart can be used to obtain Suppose we use the example given in 
that the dew-point temperature inside the graphically a number of atmospheric Fig. 8.18 on p. 203. Air at an elevation of 
parcel would have dropped to a mathematical relationships. Therefore, O meters (pressure 1013 mb), with a 
temperature near 9°C. let's use the chart to obtain information on temperature of 20°C and a dew-point 


(continued on next page) 
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__ ADIABATIC CHARTS, continued 


temperature of 12°C, first ascends then 
_ descends a 3000-meter-high mountain 
range. Look at Fig. 7 closely and observe 
that the surface air with a temperature of 
20°C indicates a saturation mixing ratio of 
about 15 g/kg, and at 12°C the dew-point 
temperature indicates an actual mixing 
ratio of about 9 g/kg. Hence, the relative 
humidity of the air before rising over the 
mountain is “s, or 60 percent. 3 
Now, as the unsaturated air rises (as 
indicated by arrows in Fig. 7), the air 
- temperature follows a dry adiabat, and the 
dew-point temperature follows a line of 
constant mixing ratio. Carefully follow the 
_ mixing ratio line in Fig. 7 from 12°C up to 


where it intersects the dry adiabat that 
slopes upward from 20°C. Notice that the 


-intersection occurs at an elevation near 1 
km. This, of course, marks the base of the 


cloud—the lifting condensation level 


` (LCL)—where the relative humidity is 100 
- percent and condensation begins. Above 

_ this level, the rising air is saturated. 

- Consequently, the air temperature and 
‘dew-point temperature together follow a 

` moist adiabat to the top of the mountain. 


Notice in Fig. 7 that, at the top of the 
mountain (at 3 km or about 700 mb), both 
the air temperature and dew point are 
—2°C. If we assume that the cloud stays 


- on the windward side, then from 3 km 


(700 mb) the descending air follows a dry 
adiabat all the way to the surface (1013 
mb). Notice that, after descending, the air 
has a temperature of 28°C. From the 
mountaintop, the dew-point temperature 


- follows a line of mixing ratio and reaches 


the surface (1013 mb) with a temperature 


"of 4°C. Observe in Fig. 7 that, with an air 


temperature of 28°C, the saturating 
mixing ratio is about 25 g/kg and, with a 
dew point of 4°C, the actual mixing ratio is ` 
about 5 g/kg. Thus, the relative humidity 
of the air after descending is about Fa or 
20 Pad ai ‘ 


possibly the formation of clouds. (See Fig. 8.12.) A 
cyclonic storm system is the most common cause of 
the widespread ascent of air. Associated with this 
kind of system are weather fronts that separate air with 
contrasting temperatures and densities. For example, 
along a warm front, warm air gently rides up and over 
colder surface air, producing clouds that may cover an 
area of many hundreds, and even thousands, of square 
kilometers. The clouds that form are usually layered, 
cirrus, cirrostratus, ` altostratus, or nimbostratus. 
Along a cold front, where usually warm moist air is 
forced upward, lines of cumuliform clouds often form. 


Even in the absence of fronts, clouds may form in re- 


gions of surface low pressure. Recall that surface air 
- flows in toward the center of a low. This air, converg- 
ing from all directions, must go somewhere. Since it 
cannot go into the ground, it rises, resulting i in clouds. 
Thus far, we have examined the primary ways air 
may be forced to rise so that clouds are able to form. 


We will now look at some of the other ways in which a 


clouds develop. 


CHANGING CLOUD FORMS ouia certain Zaio ao 
layer of altostratus may change into altocumulus. This ` 


5 nays. if the top of the original cloud deck cools 


while the bottom warms. Because clouds are such 
good absorbers and emitters of infrared radiation, the 
top of the cloud will often cool as it radiates infrared 
energy to space more rapidly than it absorbs solar 
energy. Meanwhile, the bottom of the cloud will warm 


‘ as it absorbs infrared energy from below more quickly 


than it radiates this energy away. This makes the cloud 


layer unstable to the point that small convection cells 


begin within the cloud itself. The up and down mo- 


-tions in a layered cloud produce globular elements 


that give the cloud a lumpy appearance. The cloud 
forms in the rising part of a cell, and clear spaces ap- 
pear where descending currents occur. (See Fig. 7.12, 
p. 169.) i 

Cirrocumulus and mantas may form in a 
similar way. When the wind is fairly uniform through- 
out a cloud layer, these new cloud elements appear 
evenly distributed across the sky. However, if the 
wind speed or direction changes with height, the hori- 
zontal axes of the convection cells align with the aver- 
age direction of the wind. The new cloud elements 


_ then become arranged in rows and are given the name 


cloud streets. (See Fig. 8.20.) When the changes in 
wind speed and direction reach a critical value, and an 
inversion caps the -cloud-forming layers, wavelike 


clouds called billows may form along the top of the 
cloud layer (Fig. 8.21). 

Occasionally, altocumulus show vertical develop- 
ment and produce towerlike extensions. The clouds 
often resemble floating castles and, for this reason, 
they are called altocumulus castellanus (Fig. 8.22). 
They form when rising currents within the cloud ex- 
tend into conditionally unstable air above the cloud. 
Apparently, the buoyancy for the rising air comes 
from the latent heat released during condensation 
within the cloud. This process can occur in cirrocu- 
mulus clouds, producing cirrocumulus castellanus. 


MIXING AND STRATOCUMULUS Occasionally, the stir- 
ring of a moist layer of stable air will produce a deck of 
stratocumulus clouds. In Fig. 8.23, the airis stable and 
close to saturation. Suppose a strong wind mixes the 
layer from the surface up to an elevation of 600 m 
(2000 ft). As we saw earlier, the lapse rate will steepen 
as the upper part of the layer cools and the lower part 
warms. At the same time, mixing will make the mois- 
ture distribution in the layer more uniform. The 
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FIGURE 8.20 Satellite view of cloud streets, rows of stratocumulus 
clouds forming over the warm Georgia landscape. 


FIGURE 8.21 Billow clouds forming in a region of rapidly changing wind speed, called wind shear. 
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FIGURE 8.22 An example of altocumulus castellanus. 


FIGURE 8.23 The mixing ofamoistlayer of ` 


air near the surface can produce a ces of 
stratocumulus clouds. 


Altitude ————> 


MON 


NA 


Before mixing *:.. 


Stable 
air 


Temperature ———= 


Environmental lapse rate 


\ 


After mixing 


2000 ft 


Temperature ———— 


——-— Dew point lapse rate 


===== Dry adiabatic rate 


——— E a 


warmer temperature and decreased moisture content 
causes the lower part of the layer to dry out. On the 
other hand, the decrease in temperature and increase 
in moisture content saturates the top of the mixed 
layer, producing a layer of stratocumulus clouds. Fig- 
ure 8.23 indicates that the air above the region of mix- 
ing is still stable and inhibits further mixing. In some 


cases, an inversion may actually form above the 


In this chapter, we have tied together the concepts of 
stability and the formation of clouds. We learned that 
rising unsaturated air cools at the dry adiabatic rate 
and, due to the release of latent heat, rising saturated 
air cools-at the moist adiabatic rate. In a stable atmo- 
sphere, a lifted parcel of air will be colder (heavier) 
than the air surrounding it at each new level, and it 
will sink back to its original position. Because stable 
air tends to resist upward vertical motions, clouds 
forming in a stable atmosphere often spread horizon- 
tally and have a stratified appearance, such as cirro- 
stratus and altostratus. Stable air may be caused by 


either cooling the surface air, warming the air aloft, or — 
by the sinking (subsidence) of an entire layer of air, in . 


which case a very stable subsidence inversion usually 
forms. 


In an-unstable TT a lifted parcel of air will 


be warmer (lighter) than the air surrounding it at each 
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clouds. However, if the surface warms substantially, 
rising thermals may penetrate the stable region and 
the stratocumulus clouds may change into more 
widely separated clouds, such as cumulus or cumulus 
congestus. A stratocumulus layer changing to a sky 
dotted with growing cumulus clouds often occurs as 
surface heating increases on a warm, humid summer 
day. 


new level, and it will continue to rise upward away 
from its original position. In an unstable atmosphere, 
rising air tends to form clouds that develop vertically, 
such as cumulus congestus and cumulonimbus. Insta- 
bility may be caused by warming the surface air, cool- 
ing the air aloft, or by the lifting of an entire layer of air. 

On warm, humid days the instability generated by 


` surface heating can produce cumulus clouds at a 


height determined by the temperature and moisture 
content of the surface air. Instability may cause 
changes in existing clouds as convection changes an 
altostratus into an altocumulus. Also, mixing can 
change a clear day into a cloudy one. 

In a conditionally unstable atmosphere, an unsatu- 
rated parcel of air can be lifted to a level where con- 
densation begins, latent heat is released, and instabil- 
ity results, as the temperature inside the rising parcel 
becomes warmer than the air surrounding it. 


i KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


adiabatic process 
dry adiabatic rate 
moist adiabatic rate 


environmental lapse rate entrainment 
absolutely stable atmosphere orographic uplift 
subsidence inversion orographic clouds 
neutral stability rain shadow 


absolutely EE atmosphere 
conditionally unstable atmosphere 
convective instability 


lifting condensation level (LCL) 
rotor clouds 

cloud streets 

billow clouds 

dry adiabats 

potential temperature 

moist adiabats 
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El QUESTIONS FOR REVIEW 


| Why are the moist and dry adiabatic rates of cool- 


ing different? 


. Under what conditions would the moist adiabatic 


rate of cooling be almost equal to the dry adiabatic 


‘rate? A l 

- Explain the difference between environmental 
lapse rate and dry adiabatic rate. . i 

. What is a stable atmosphere and how can it form? 

. Describe the general characteristics of clouds as- 
sociated with stable and unstable air. 

. List and explain several processes by which stable 


-air can be made unstable. . 


15. 


16. 


FIGURE 8.24 The information in this - - 

illustration is to be used in answering. 
questions 5 and 6 of the Problems and 
Exercises section. 


. If the atmosphere is conditionally unstable, what 


condition is necessary to bring on instability? 


- Explain why cumulus clouds are conspicuously 


absent over a cool water surface. 


. Why are cumulus clouds more frequently ob- 


served during the afternoon than at night? 


. Explain why an inversion represents an absolutely 


stable atmosphere. 


- How and why does lifting or lowering a layer of air | 


change its stability? = =’ 


. Why do cumulonimbus clouds ‘often have flat 
_ tops? : 
. Describe the conditions necessary to produce 


stratocumulus clouds by mixing. 


. Why are there usually large spaces of blue sky be- . 


tween cumulus clouds? : ' 
List four primary ways clouds form, and describe 


the formation of one cloud type by each method. 
Why are- lenticular clouds also called standing ` 
wave clouds? — 


Altitude Gneters) 


Temperature 
environment (°C) 


17. 


18. 


19, 


Why, in summer, are cumulus humilis more likely 
to form than cumulus congestus in the center of a 
large high-pressure area? 

How can a layer of altostratus change into one of 
altocumulus? 

Briefly describe how each of the following clouds 
form: 

(a) lenticular 


- (b) rotor 


= 


(c) billow 
(d) castellanus 


QUESTIONS FOR THOUGHT 


- How is it possible for a layer of air to be convec- 


tively unstable and absolutely stable at the same 
time? 


. Are the bases of convective clouds generally higher 


- during the day or the night? Explain. 


West: 


«Explain how a mountain wave cloud may form 


without the formation of lee wave.clouds at the 
same level. l 


. Use Fig. 6.6, p. 138 (Chapter 6), to help you explain 


why the bases of cumulus clouds, which form from 
rising thermals during the summer, increase in 
height above the surface as you move due west of a 
line that runs north-south through central Kansas. 


. Suppose two saturated air parcels are lifted upward 


from the surface. Parcel A has a temperature and 
dew point of —10°C, while parcel B has a tempera- 
ture and dew point of 20°C. The decrease in air tem- 
perature inside which parcel comes closest to the 


E dry adiabatic rate? Explain. 


TOO el 
E 
E 
850. E 
8 
A. 
3 1013 . 


East : 


mearen 


. For least polluted conditions, what would be the 


best time of day for a farmer to burn agricultural 
debris? 


i PROBLEMS AND EXERCISES 

. Under which set of conditions would a cumulus 
cloud base be observed at the highest level above 
the surface?. Surface air temperatures and dew 
points are as follows: (a) 35°C, 14°C; (b) 30°C, 19°C; 
(c) 34°C, 9°G; (d) 29°C, 7°C; (e) 32°C, 6°C. 

. Ifthe height of a cumulus cloud is 1000 m above the 
surface, and the dew point at the earth’s surface be- 
neath the cloud is 20°C, determine the air tempera- 
ture at the earth’s surface beneath the cloud. 

. The condensation level over New Orleans, 
Louisiana, on a warm, muggy afternoon is 2000 ft. If 
the dew point of the rising air at this level is 73°F, 
what is the approximate dew point and air temper- 


ature at the surface? Determine the surface relative . 


humidity. (Hint: See Chapter 6, p. 147.) 

. Suppose the air pressure outside a conventional jet 
airliner flying at an altitude of 10 km (about 33,000 
ft) is 250 mb. Further, suppose the air inside the air- 
craft is pressurized to 1000 mb. If the outside air 
temperature is —50°C (—58°F), what would be the 
temperature of this air if brought inside the aircraft 

and compressed at the dry adiabatic rate to a pres- 

sure of 1000 mb? (Assume that a pressure of 1000 

mb is equivalent to an altitude of 0 m.) 

. In Fig. 8.24, p. 212, a radiosonde is released and 
sends back temperature data as shown in the dia- 
gram. (This is the environment temperature.) 

(a) Calculate the environmental lapse rate from 
the surface up to 3000 m. 

(b) What type of atmospheric stability does the 
sounding indicate? 

Suppose the wind is blowing from the west and a 

parcel of surface air with a temperature of 10°C and 

a dew point of 2°C begins to rise upward along the 

western (windward) side:of the mountain. 


PROBLEMS AND EXERCISES | 213 


‘(c) What is the relative humidity of the air parcel 


at 0 m (pressure 1013 mb) before rising? (Hint: 
See Chapter 6, p. 147.) 

(d) As the air parcel rises, at approximately what 
elevation would condensation begin and a 
cloud start to form? a HE 

(e) What is the air temperature and dew point of 
the rising air at the base of the cloud? 

(f) What is the air temperature and dew point of 
the rising air inside the cloud at an elevation of 
3000 m? (Use moist rate of 6°C per 1000 m.) 

(g) Atan altitude of 3000 m, how does the air tem- 
perature inside the cloud compare with the air 
temperature outside the cloud, as measured by 
the radiosonde? What type of atmospheric sta- 
bility (stable or unstable) does this suggest? 

. Explain. ; l . 

(h) At an elevation of 3000 m, would you expect 
the cloud to continue to develop vertically? 
Explain. i 

(i) What would be the name of the cloud that is 
forming? ; 

Suppose that a parcel of air inside the cloud de- 

scends from the top of the mountain at 3000 m 

(pressure 700 mb) down the eastern (leeward) side 

of the mountain to an elevation of 0 m (pressure 

1013 mb). 

(j) Ifthe descending air warms at the dry adiabatic 
rate from the top of the mountain all the way 
down to 0 m, what is the sinking air’s tempera- 
ture and dew point when it reaches 0 m? 


(k) What would be the relative humidity of the 


sinking air at 0m? (Hint: See Chapter 6, 
p. 147.) 
(1) What accounts for the sinking air being 
warmer at the base of the mountain on the east- 
ern side? 
Explain why the sinking air is drier (its dew 
point is lower) on the eastern side at 0 m. 


(m 


— 


. Answer the same questions in problem 5 except, 


this time, use the adiabatic chart provided in the 
Focus section on p. 207. 
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By an unfortunate coincidence, as | write, the New Jersey 
countryside around me is in the grip of an ice storm— “the worst 
ice storm ina generation” so the papers tell me, and alook at my 
garden suffices to convince me. A 150-year-old tulip tree has 
already lost enough limbs to keep us in firewood for the rest of 
the winter; anumber of black locusts stand beheaded; the silver 
birches are bent double to the ground; and almost every twig of 
every bush and tree is encased in a translucent cylinder of ice 
one to two inches in diameter. There is beauty in the sight, to be 
sure, forthe sun has momentarily transmuted the virginal whites 
and grays into liquid gold. And there is hope, too, for some of the 
trees are still unbowed and look as though they had every 
intention of living to tell the tale. 


George H. T. Kimble, Our American Weather 


The young boy pushed his nose against the cold win- 
dow pane, hoping to see snawflakes glistening in the 
light of the street lamp across the way. Perhaps if it 
snowed, he thought, accumulations would be deep 
enough to cancel school; maybe for a day, possibly a 
week, or perhaps, forever. But a full moon with a halo. 
gave little hope for snow on this evening. Nor did the 
voice from the back room that insisted, “Don't even 
think about snow. You know it won’t snow tonight— 
it’s too cold to snow.” 

Is it ever “too cold to snow”? Although many believe 
in this expression, the fact remains that it is never too 
cold to snow. True, colder air cannot “hold” as much 
water vapor as warmer air; but, no matter how cold the 
air becomes, it always contains some water vapor that 
could produce snow. At Fort Yellowstone, Wyoming, 
for example, three inches of snow fell on February 2, 
1899, when the maximum temperature reached only 
—28°C (—18°F). In fact, tiny ice crystals have been ob- 


‘served falling at temperatures as low as —47°C 


(—53°F). We usually associate extremely cold air with 
“no snow” because the coldest winter weather occurs 
on clear, calm nights—conditions that normally pre- 
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Typical 


cloud droplet 
20 um 


o 


Condensation 
‘nuclei 0.2 um 


FIGURE 9.1 Relative sizes of raindrops, cloud droplets, and 
condensation nuclei. 


vail with strong high-pressure areas that have few if 
any clouds. i l 


This chapter raises a number of interesting ques- 


tions to consider regarding precipitation: Why, for 


example, does the largest form of precipitation—' 


hail—fall during the warmest time of the year? Why 
does it sometimes rain on one side of the street but not 
on the other? What is “sleet” and how does it differ 
from hail? First, we will examine the processes that 
produce rain and snow; then, we will look closely at 


the other forms of precipitation. Our discussion will 


conclude with a section on how precipitation is mea- 
sured. 


E PRECIPITATION PROCESSES 


As we all know, cloudy weather does not necessarily 
mean that it will rain or snow. In fact, clouds may 
form, linger for many days, and never produce pre- 
cipitation. In Eureka, California, the August daytime 
sky is overcast more than 50 percent of the time, yet 
the average precipitation there for August is merely 
one-tenth of an inch. We know that clouds form by 
condensation, yet apparently condensation alone is 
not sufficient to produce rain. Why not? To answer 
this question we need to closely examine the tiny 
world of cloud droplets. 


HOW DO CLOUD DROPLETS GROW LARGER? An ordi- . 


nary cloud droplet is extremely small, having an aver- 
age diameter of 20 um (0.002 cm). Notice in Fig. 9.1 
that a typical cloud droplet is 100 times smaller than a 
typical raindrop. If a cloud droplet is in equilibrium 
with its surroundings, the size of the droplet does not 
change because the water molecules condensing onto 
the droplet will be exactly balanced by those evaporat- 
ing from it. If, however, it is not in equilibrium, the 
droplet will either increase or decrease, depending on 
whether condensation or evaporation predominates. 
Consider a cloud droplet in equilibrium with its en- 
vironment. The total number of vapor molecules 
around the droplet remains fairly constant and defines 
the droplet’s saturation vapor pressure. Since the 
droplet is in equilibrium, the saturation vapor pres- 
sure is also called the equilibrium vapor pressure. 
Figure 9.2 shows a cloud droplet and a flat water sur- 
face, both of which are in equilibrium. Because more 


vapor molecules surround the droplet, it has a greater - 


equilibrium vapor pressure. The reason for this is that 
water molecules are less strongly attached to a curved 


(convex) water surface; hence, they. evaporate more 


readily. 

- Tokeep the droplet in equilibrium, more vapor mol- 
ecules are needed around it to replace those mole- 
cules that are constantly evaporating from its surface. 
Smaller cloud droplets exhibit a greater curvature, 


‘which causes a more rapid rate of evaporation. As a 
' result of this process (called the curvature effect), 
smaller droplets require an even greater equilibrium 
‘vapor pressure to keep them from completely evap- 


orating away. Therefore, when air is saturated with re- 


` spect to a flat surface, itis unsaturated with respect to 


a'curved droplet of pure water, and the droplet evapo- 
rates. So, to keep cloud droplets in equilibrium with 
the surrounding air, the air must be supersaturated; 
that is, the relative humidity must be greater than 100 
percent. The smaller the droplet, the higher the super- 
saturation needed to keep it in equilibrium. 

Figure 9.3 shows the curvature effect for pure water. 
The dark, heavy line represents the relative humidity 
needed to keep a droplet with a given diameter in 
equilibrium with its environment. Note that when the 
droplet's size is less than 2 um, the relative humidity 
(measured with respect to a flat surface) must be well 
above 100.1 percent for the droplet to survive. As 
droplets become larger, the effect of curvature lessens; 


PE 


for a droplet whose diameter is greater than 10 pm, the 
curvature effect is so small that the droplet behaves as 
if it were a flat surface. 


Just as relative humidities less than that required for 


equilibrium permit a water droplet to evaporate and 
shrink, those greater than the equilibrium value allow 
the droplet to grow by condensation. From Fig. 9.3, we 
can see that a droplet whose diameter is 1 pm will 
grow larger as the relative humidity approaches 101 
percent. But relative humidities, even in clouds, 
rarely become greater than 101 percent. How, then, do 
tiny cloud droplets of less than 1 jm prow to the size of 
an average cloud droplet? 

Recall from Chapter 7 (fog formation discussion) 
that condensation begins on tiny particles called con- 
densation nuclei. Because many of these nuclei are 
hygroscopic (water-attracting), condensation may 
begin on such particles when the relative humidity is 
well below 100 percent. As condensation begins, the 
particle dissolves, forming a solution. The dissolving 
of hygroscopic particles reduces the relative humidity 
necessary for the onset of condensation. This is called 
the solute effect. As a result of the solute effect, a drop- 
let containing salt (a hygroscopic nucleus) can bé in 
equilibrium with its environment when the atmo- 
spheric relative humidity is easel lower than 100 
percent. 

Imagine that we place lle nuclei of vary- 
ing sizes into moist but unsaturated air. As the air 
cools, the relative humidity increases and, because of 
the curvature effect, condensation first begins on the 
larger nuclei. If these larger nuclei are salt particles, 
they will absorb water until equilibriumis established 
with their surroundings. As the air cools further, the 
relative humidity increases, and the droplets will 
grow larger until a new equilibrium radius is reached. 
As the relative humidity of the environment ap- 
proaches 100 percent, the droplets grow still larger. 
When each radius reaches a few micrometers, the 
droplets are so diluted that they behave as if they were 
pure water. ~ at 

If the air remains supersaturated with respect to the 


droplets, condensation would continue but more: 


slowly. The rate at which the droplet grows in size de- 
creases because the hygroscopic material in the drop- 
let has become diluted and less attractive to water 
vapor. The available water vapor would begin to con- 
dense onto smaller, more attractive nuclei. Therefore, 


PRECIPITATION PROCESSES = 217 


Temperature, 10°C 


Temperature, lO°C 


Cloud droplet 


FIGURE 9.2 At equilibrium, the vapor pressure over a curved droplet 
of water is greater than that over a flat surface. 


in supersaturated air, large cloud droplets grow 
slowly, while many smaller cloud droplets are just be- 
ginning to form. Over land masses where large con- 
centrations of nuclei exist, there may be many hun- 
dreds of droplets per cubic centimeter, all competing 
for the available supply of water vapor. Over the 
oceans where the concentration of nuclei is less, there 
are normally fewer (typically less than 100 per cm’) 
but larger cloud droplets. 

We now have a cloud bad cannibal of many small 
droplets—too small to fall as rain. These minute drop- 
lets require only slight upward air currents to keep 
them suspended. Those droplets that do fall descend 
slowly and evaporate in the drier air beneath the 
cloud. It is evident, then, that. most clouds cannot pro- 


Relative Humidity (%) 


] 2 4 10 20 
\ Droplet Diameter (um) 


FIGURE 9.3 The curved line represents the relative humidity needed 
tokeep a dropletin equilibrium with its environment. Fora given droplet 
size, the droplet will evaporate and shrink when the relative humidity is 
less than that given by the curve. The droplet will grow by condensation' 
when the relative humidity is greater than the value on the curve. 
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duce precipitation. The condensation process by itself 
is entirely too slow to produce rain. Even under ideal 
conditions, it would take several days for this process 
alone to create a raindrop. However, observations 
show that clouds can develop and begin to produce 
rain in less than an hour. Since it takes about 1 million 
average sized (20 pm) cloud droplets to make an aver- 
age size (2000 p.m) raindrop, there must be some other 
process by which cloud droplets grow large and heavy 
enough to fall as precipitation. Even though all of the 
intricacies of how rain is produced are not yet fully 
understood, two important processes stand out: 
(1) the collision-coalescence process and (2) the ice- 
crystal process. di 


COLLISION AND COALESCENCE PROCESS Clouds that 
form at temperatures above freezing are called warm 
clouds. In such clouds, collisions between droplets 
play. a significant part in producing precipitation. To 
produce the many collisions necessary to form a rain- 
drop, some cloud droplets must be larger than others. 
Larger drops could have formed on large hygroscopic 
nuclei, such as salt particles. Random bumping and 
touching of droplets could also account for size vari- 
ation. Recent studies, however, suggest that turbulent 
mixing between the. cloud and its drier environment 
may actually play a major role in producing larger 
droplets. For example, dry air injected into a cloud 
near its top will evaporate cloud droplets until the 


mixed air reaches saturation. If this mixed blob of air, 


rises and cools, the water vapor available is then 
shared by fewer droplets, allowing them to grow to a 
larger size than they would otherwise. _ 

Air retards the falling drops. The amount of air resis- 


tance depends on the size of the drop and on its rate of 


fall: The greater its speed, the more air molecules the 


_ TABLE9.1 M Terminal Velocity of Different Size Particles 
Involved in Condensation and Precipitation Processes 


TERMINAL VELOCITY 
DIAMETER (um) m/sec ft/sec 


0.0000001 0.0000003 
0.01 0.03 

0.27 09 

0.70 2.3 

4.0 13.1 

6.5 21.4 

9.0 29.5 


TYPE OF PARTICLE 


condensation nuclei 

typical cloud droplet 

large cloud droplet 

large cloud dropletor drizzle 
small raindrop 

typical raindrop 

large raindrop 


drop encounters each second. The speed of the falling 
drop increases until the air resistance equals the pull 
of gravity. At this point, the drop continues to fall, but 
at a constant speed, which is called its terminal veles- 
ity. Because larger drops have a smaller surface-area- 
to-weight ratio, they fall farther and faster before 
reaching their terminal velocity. Thus larger drops fall 
faster than smaller drops. (See Table 9.1.) Note that, in 
calm air, a typical raindrop falls over 600 times faster 
than a typical cloud droplet! l 

Large droplets overtake and collide with smaller 
drops in their path. This merging of cloud droplets by 
collision is called coalescence. Laboratory studies 
show that collision does not always guarantee coales- 
cence; sometimes, the droplets actually bounce apart. 
during collision. Coalescence appears to be enhanced 
if colliding droplets have opposite (and, hence, attrac- 
tive) electrical charges. Therefore, atmospheric elec- 
tricity seems to play a role in the growth of cloud drop- 
lets and in the production of rain. Another important 
factor that determines cloud droplet growth by the col- 
lision process is the amount of time the droplet spends © 
in the cloud. A very large cloud droplet of 200 um fall- 
ing in still air will take about 12 minutes to travel 
through a cloud 500 m (1640 ft) thick and over an hour 
if the cloud thickness is 2500 m (8200 ft). Rising air 
currents in a forming cloud slow the rate at which 
droplets fall. A thick cloud with strong updrafts will 
maximize the time cloud droplets spend in the cloud 
and, hence, the size to which they can grow. 

A warm stratus cloud is typically less than 500 m 
thick and has slow, upward air movement (generally 


~ less than 0.1 m/sec). Under these conditions, a large 
“droplet would be in the cloud for a relatively short 


time and grow by coalescence to only about 200 um. If 
the air beneath the cloud is moist, the droplets may 


reach the ground as drizzle, the lightest form of rain. If, 
however, the stratus cloud base is fairly high above the 
ground, the drops will evaporate before reaching the 
surface, even when the relative humidity is 90 per- 
cent. 

To tropical regions, where warm cumulus clouds 
build to great heights, convective updrafts of at least 1 
m/sec {and some exceeding many tens of meters per 
second) occur. Look at Fig. 9.4. Suppose a cloud drop- 
let of 100 pm is caught in an updraft whose velocity is 
6.5 m/sec. As it rises, it collides with and captures 
smaller drops in its path and grows until it reaches a 
size of about 1000 pm. At this point, the updraft in the 
cloud is just able to balance the pull of gravity on the 
drop. Here, the drop remains suspended until it grows 
just a little bigger. Once the fall velocity of the drop is 
greater than the updraft velocity in the cloud, the drop 
slowly descends. As the drop falls, some of the smaller 
droplets get caught in the airstream around it, and are 
swept aside. Larger cloud droplets are captured by the 
falling drop, which then grows larger. By the time this 
drop reaches the bottom of the cloud, it will be a large 
raindrop with a diameter of over 5000 pm (5 mm). Be- 
cause raindrops of this size fall faster and reach the 
ground first, they typically occur at the beginning of a 
rain shower originating in these warm, convective 
cumulus clouds. 


So far, we have examined the way cloud droplets in 


warm clouds grow large enough by the collision- 
coalescence process to fall as raindrops. The most im- 
portant factor in the production of raindrops is the 
cloud’s liquid water content. In a cloud with sufficient 
water, other significant factors are: 


1. the relative droplet size 


2. the electric charge of the droplets and the electric l 


field in the cloud 
3. the cloud thickness _ 
4. the updrafts of the cloud 


Relatively thin stratus clouds with slow arde air 
currents are, at best, only able to produce drizzle, 
while the towering cumulus clouds associated with 
rapidly rising air can cause heavy showers. Now, let's 
turn our attention to the ice-crystal process of rain 
formation. 


ICE-CRYSTAL PROCESS The ice-crystal process of rain 
formation is extremely important in middle and high 
latitudes, where clouds extend upward into regions 
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. FIGURE 9.4 Acloud droplet rising then falling through a warm 


cumulus cloud can grow by collision and coalescence and emerge from 
the cloud as a large raindrop. 


where the air temperature is below freezing. Such 
clouds are called cold clouds. Figure 9.5 illustrates a 
typical cold cloud that has formed over the Great 
Plains, where the “cold” part is above the 0°C 
isotherm. 

Suppose we take an imaginary balloon flight up 
through the cumulonimbus cloud in Fig. 9.5. Entering 
the cloud, we observe cloud droplets growing larger 
by processes described in the previous section. As ex- 
pected, only water droplets exist here, for the base of 
the cloud is warmer than 0°C. Surprisingly, in the cold 
air just above the 0°C isotherm, almost all of the cloud 
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- FIGURE 9.5 The distribution of ice and water in a cumulonimbus 


cloud. * 
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droplets are still composed of liquid water. Water 
droplets existing at temperatures below freezing are 
referred to as supercooled. Even at higher levels, 
where the air temperature is —10°C (14°F), there is 
only one ice crystal for every million liquid droplets. 
Near 5500 m (18,000 ft), where the temperature be- 
comes — 20°C (—4°F), ice crystals become more numer- 
ous, but are still outnumbered by water droplets. The 
distribution of ice crystals, however, is not uniform, as 
the downdrafts contain more ice than the updrafts. 
Clouds composed of both ice and water are called 
mixed clouds. - - ae 

Not until we reach an elevation of 7600 m (25,000 
ft), where temperatures drop below —40°C (also 
| —40°F), do we find only ice crystals. The region of a 
cloud where only ice particles exist is called glaci- 
ated. Why are there so few ice crystals in the middle of 
the cloud, even though temperatures there are well 
below freezing?* 

Pure ice melts when the temperature is raised to 0°C, 
but water does not necessarily freeze until tempera- 
tures fall well below that value. Over large bodies of 
fresh water, ice ordinarily forms when the tempera- 
ture drops just slightly below 0°C. Yet, laboratory 
studies show that, the smaller the amount of pure 
water, the lower the temperature at which it freezes. A 
cloud droplet about 25 pm in diameter freezes spon- 
taneously at —36°C (—33°F), while a droplet, whose 
diameter is only a few micrometers does not freeze 
until the temperature is near —40°C (-40*F).: 

The freezing of pure water is called spontaneous 
- (homogeneous) nucleation. For spontaneous nucle- 
ation to occur, enough molecules within the water 
droplet must‘join together in a rigid pattern to forma 


tiny ice structure, or embryo. Once the embryo grows. 


to a critical size, it acts as a nucleus. Other molecules 
in the droplet then attach themselves to this nucleus, 
and the whole water droplet freezes. The chance of an 
ice structure growing to a critical size decreases as the 
volume of water decreases. Tiny ice crystals form at 
water temperatures just below freezing, but, for small 


- *In continental clouds, such as the one in Fig. 9.5, where there are 


many small cloud droplets less than 20 pm in diameter, the onset of _ 


ice-crystal formation begins at temperatures between —9°C and 
—15°C. In clouds where larger but fewer cloud droplets are present, 
_ ice crystals begin to form at temperatures between —4°C and —8°C. 
In some of these clouds, glaciation can occur at —8°C, which may be 
only 2500 m (8200 ft) above the surface. is 


volumes of water, molecular motions remain large 
enough to weaken their structure. The embryos sim- 
ply form and break apart. So, for these smaller drop- 
lets, lower temperatures are required if the embryo is 
to grow to critical size before being broken apart by 
thermal agitation. Thus, large cloud droplets will 
freeze by spontaneous nucleation at higher tempera- 
tures. At temperatures below —40°C, it is almost cer- 
tain that an ice crystal will form and grow to critical 
size in even the smallest cloud droplet. Therefore, any 
cloud that forms in extremely cold air (below —40°C) 
will almost certainly be composed of ice, since the 
cloud droplets will freeze spontaneously. 

- Ice crystals may also form at temperatures below 0°C 
(32°F) if there are ice-forming particles present called 
ice nuclei. The number of ice-forming nuclei available 
in the atmosphere is small, especially at temperatures 
above —10°C (14°F). However, as the temperaturé de- 
creases, more particles become active and promote 
freezing. Although some uncertainty exists regarding 
the principal source of ice nuclei, it is known thatrclay 
minerals, such as kaolinite, become effective nuclei at 
temperatures near —15°C (5°F). Bacteria in decaying 
plant leaf material and ice crystals themselves are also 


excellent ice nuclei. Moreover, particles serve as ex- 


cellent ice-forming nuclei if their geometry resembles 
that of an ice crystal. 


In a cold cloud, there may be several types of ice- 


forming nuclei present. For example, certain ice nu- 
clei allow water vapor to deposit as ice directly onto 
their surfaces in cold, saturated air. These are called 
deposition nuclei because, in this situation, water 
vapor changes directly into ice without going through 
the liquid phase. Ice nuclei that promote the freezing 
of supercooled liquid droplets are called freezing nu- 
clei. Some freezing nuclei cause freezing after they are 
immersed in a liquid drop; some promote condensa- 
tion, then freezing; yet others cause supercooled drop- 
lets to freeze if they collide with. them. This last pro- 
cess is called contact nucleation, or contact freezing, 
and the particles involved are called contact nuclei. 
Recent studies suggest that contact nuclei can be just 
about any substance and that contact freezing may be 
the dominant force in the production of ice crystals in 
some clouds. e 
We can now understand why there are so few ice 
crystals in the cold mixed region of some clouds. 
Cloud droplets may freeze spontaneously, but only at 
the very low temperatures usually found at high alti- 


tudes. Ice nuclei may initiate the growth of ice crys- 
tals, but they do not abound in nature. Therefore, we 
are left with a cold cloud that contains many more liq- 
uid droplets than ice particles, even at temperatures as 
low as —10°C (14°F). Neither the tiny liquid nor solid 
particles are large enough to fall as precipitation. How, 
then, does the ice-crystal process produce rain and 
snow? 

In a normal mixed cloud, many supercooled drop- 
lets will surround each ice crystal. Suppose that the 
ice particle and liquid droplet in Fig. 9.6 are part of a 
cloud whose temperature is —15°C. Observe that more 
water vapor molecules surround each supercooled 
water droplet than each ice particle. This reflects the 
important fact discussed briefly in Chapter 6: The sat- 
uration vapor pressure over a water surface is greater 
than that over an ice surface at the same subfreezing 
temperature. l 

This difference in vapor pressure causes water 
vapor molecules to move (diffuse) from the liquid 
drops toward the ice crystals. The removal of vapor 
molecules reduces the vapor pressure above the drop- 
let. Since the droplet is now out of equilibrium with its 
surroundings, it evaporates to replenish the di- 
minished supply of water vapor above it. This pro- 
vides a continuous source of moisture for the ice crys- 
tals, which absorb the water vapor and grow rapidly 
by deposition. Hence, the ice crystals grow at the ex- 
- pense of the surrounding water droplets. 

The constant supply of moisture to the ice crystal al- 
lows it to enlarge rapidly. At some point, the ice crys- 
tal becomes heavy enough to overcome updrafts in the 
cloud and begins to fall. But a single falling ice crystal 
does not comprise a snowstorm; consequently, other 
ice crystals must quickly form. 

In some clouds, especially those with relatively 
warm tops, ice crystals might collide with super- 
cooled droplets, which freeze on contact and stick to- 
_ gether—a process called accretion, or riming. The icy 
matter (rime) that forms is called graupel. As the 
graupel falls, it may fracture or splinter into tiny ice 
particles when it collides with cloud droplets. These 
splinters may then go on themselves to become new 
graupel, which, in turn, may produce more splinters. 
In colder clouds, the delicate ice crystals may collide 
with other crystals and fracture into smaller ice par- 
ticles, or tiny seeds, which freeze hundreds of super- 
cooled droplets on contact. In both cases a chain reac- 
tion may develop, producing many ice crystals. As 
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- FIGURE9.6 Theice-crystal process. The greater vapor pressure 


around the liquid droplets causes the ice crystals to grow by diffusion as 
water vapor molecules move from the liquid droplets toward the ice 
crystals. The ice crystals absorb the water vapor and growlarger, while — 


_ the water droplets grow smaller. 


they fall, they may collide and stick to one another, 
forming an aggregate of ice crystals called a snowflake 
(Fig. 9.7). If the snowflake melts before reaching the 
ground, it continues its fall as a raindrop. Therefore, 
much of the rain falling in middle and northern lati- 
tudes—even in summer—begins as snow. ; 

The first person to formally propose the theory of 
ice-crystal growth due to differences in the vapor pres- 
sure between ice and supercooled water was Alfred 
Wegener (1880-1930), a German climatologist, who 
also proposed the geological theory of continental 
drift. In the early 1930s, important additions to this 
theory were made by the Swedish meteorologist Tor 
Bergeron, who proposed that essentially all raindrops 
begin as ice crystals. Several years later the German 
meteorologist Walter Findeisen made additional con- — 
tributions to Bergeron’s theory; hence, the ice-crystal 
theory of rain formation has come to be known as the 
Wegener-Bergeron-Findeisen process, or, simply, the 
Bergeron process. 


CLOUD SEEDING The primary goal in many cloud- 
seeding experiments is to inject (or seed) a cloud with 
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small particles that will act as nuclei, so that the cloud 
particles will grow large enough to fall to the surface as 
precipitation. The first ingredient in any seeding proj- 
ect is, of course, the presence of clouds. (Seeding does 
not generate clouds.) However, not just any cloud will 
do. For optimum results, the cloud must be cold; that 
is, at least a portion of it (preferably the upper part) 


must be supercooled because cloud seeding uses the, 


ice-crystal process to cause the cloud oa to 
grow. 

Some of the first experiments in cloud seeding were 
conducted by Vincent Schaefer and Irving Langmuir 
- during the late 1940s. To seed a cloud, they dropped 
crushed pellets of dry ice (solid carbon dioxide) from a 
` plane. Because dry ice has a temperature of —78°C 

(—108°F), itacts asa cooling agent. Small peilets drop- 
ped into the cloud cool the air to the point where new 
‘liquid droplets are able to form. These new droplets 
(and the original ones) are now able to freeze in an in- 
stant (homogeneous nucleation) at temperatures 
below —40°C (—40°F). The newly formed ice crystals 
then grow larger by deposition at the expense of the 


nearby liquid droplets and, upon reaching: a Epi i 


ently large size, fallas precipitation. 

In 1947, Bernard Vonnegut demonstrated that silver 
iodide (AgI) could be used as a cloud-seeding agent. 
Because silver iodide has a crystalline structure simi- 
lar to an ice crystal, it acts as an effective ice nucleus at 
temperatures of —4°C (25°F) and lower. Silver iodide 
causes ice crystals to form i in two primary ways: 


1. Ice crystals form when silver iodide crystals come 
in contact with supercooled droplets. 
2. Ice crystals grow by wee a. directly on es 
~ silver iodide crystal. i 


Silver iodide is much easier to handle than dry ice, 
since it can be supplied to the cloud from burners lo- 


- cated either on the ground or on the wing ofa small air- 


craft: Although other substances, such as lead iodide 
and cupric sulfide, are also effective ice nuclei, silver 
iodide still remains the most commonly used sub- 
stance in cloud-seeding projects. (Additional informa- 
tion on the controversial topic, the effectiveness of 
cloud seeding, is given in the Focus section on p. 223.) 


PRECIPITATION IN CLOUDS In cold, strongly convec- 


_tive clouds, precipitation may begin only minutes 


after the cloud forms and may be initiated by either 


the collision-coalescence or the ice-crystal process. 


Once either process begins, most precipitation growth 
is by accretion. Although precipitation is commonly 


_absent in warm-layered clouds, it is often associated 
with such cold-layered clouds as nimbostratus and 


altostratus. This precipitation is thought to form prin- 


cipally by the ice-crystal process because the liquid 
water content of these clouds is generally lower than 
that in convective clouds, thus making the collision- 
coalescence process much less effective. Nimbostra- 
tus clouds are normally thick enough to extend to 
levels where air temperatures are quite low, and they 
usually last long enough for the ice-crystal process to 
initiate precipitation. 


- PRECIPITATION TYPES 


Up to now, we have seen how cloud droplets are able 
to grow large enough to fall to the ground as rain or 


snow. While falling, raindrops and snowflakes may be . 
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meteorologists. First of all, it is difficult to 
evaluate the results of a cloud-seeding 
experiment. When a seeded cloud 
produces precipitation, the question 
always remains as to how much 
precipitation would have fallen had the 
cloud not been seeded. 

Other factors must be considered 
when evaluating cloud-seeding experi- 
ments: the type of cloud, its temperature, 
moisture content, and droplet size 
distribution. 

Although some experiments suggest 
that cloud seeding does not increase 
precipitation, others seem to indicate that 
seeding under the right conditions may 
enhance precipitation between 5 and 20 
percent. And so the controversy - 
continues. i 

Some cumulus clouds show an 
“explosive” growth after being seeded. 
The latent heat given off when the droplets 
freeze functions to warm the cloud, 
causing it to become more buoyant. It 
grows rapidly and becomes a longer- 
lasting cloud, which may produce more 
precipitation. 

The business of cloud seeding canbe a 
bit tricky, since over-seeding can produce 
too many ice crystals. When this occurs, 
the cloud becomes glaciated and the ice 
particles, being very small, do not fall as 
precipitation. Since few liquid droplets 
exist, the ice crystals cannot grow by the 
ice-crystal process; rather, they evapo- 
rate, leaving a clear area in a thin stratified 
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FIGURE1 Natural seeding by cirrus clouds may form bands of precipitation downwind of a 


mountain chain. 


cloud. Because dry ice can produce the 
mostice crystals in a supercooled cloud, it 
is the substance most suitable for 
deliberate overseeding. Hence, it is the 
substance most commonly used to 
dissipate cold fog at airports. (See 
Chapter 7.) 

Warm clouds have also been seededin 
an attempt to produce rain. Tiny water 
drops and particles of hygroscopic salt 
are injected into the base of the cloud. 


_ These particles when carried into the 
cloud by updrafts create large cloud 


droplets, which grow even larger by the 
collision-coalescence process. To date, 
the results obtained using this method are 
inconclusive. 

- Under certain conditions, clouds may 
be seeded naturally. For example, when 
cirriform clouds lie directly above a lower 


cloud deck, ice crystals may descend 


from the higher cloud and seed the cloud 
below. As the ice crystals mix into the 
lower cloud, supercooled droplets are 


converted to ice crystals, and the 
precipitation process is enhanced. When 
the cirrus clouds form waves downwind 
from a mountain chain (Fig. 1), bands of 
precipitation often form. 

Cloud seeding may be inadvertent. 
Some industries emit large concentrations 
of condensation nuclei and ice nuclei into 
the air. Studies have shown that these 
particles are at least partly responsible for 
increasing precipitation in, and downwind 
of, cities. On the other hand, studies have 
also indicated that the buming of certain 
types of agricultural waste may produce — 
smoke containing many condensation 
nuclei. These produce clouds that yield 


- less precipitation because they contain 


numerous, but very small, droplets. 

In summary, cloud seeding in certain 
instances may lead to more precipitation; 
in others, to less precipitation, and, in still 
others, to no change in precipitation 
amounts. Many of the questions about 
cloud seeding have yet to be resolved. 


altered by atmospheric conditions encountered be- 
neath the cloud and transformed into other forms of 
precipitation that can profoundly influence our en- 
vironment. 


RAIN Most people consider rain to be any falling 
drop of liquid water. To the meteorologist, however, 


that falling drop must have a diameter equal to, or 
greater than, 500 pm (0.5 mm) to be considered rain. 
Fine uniform drops of water whose diameters are 
smaller than 0.5 mm are called drizzle. Most drizzle 
falls from stratus clouds; however, small raindrops 
may fall through air that is unsaturated, partially 
evaporate, and reach the ground as drizzle. Occasion- 
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FIGURE 9.8 In the drier air beneath these 
clouds, falling rain evaporates, producing 
Streaks of precipitation called virga. | 


ally, the rain falling from a cloud never reaches the 
surface because the low humidity causes rapid evap- 
oration. As the drops become smaller, their rate of fall 
decreases, and they appear to hang in the air as a rain 
streamer. These evaporating streaks of precipitation 
are called virga (Fig. 9.8). 

Raindrops may also fall from a cloud and not reach 
the ground, if they encounter rapidly rising air. Large 
raindrops have a terminal velocity of about; \9 meters 
per second (20 mi/hr), and, if they sens rising air 
whose speed is greater than 9 m/sec, they will not 
. reach the surface. If the updraft weakens or changes 

direction and becomes a downdraft, the suspended 
drops will fall to the ground as a sudden rain shower. 
The showers falling from cumuliform clouds are usu- 
ally brief and sporadic, as the cloud moves overhead 
and then drifts on by. If the shower is excessively 
heavy, it is termed a cloudburst. Beneath a cumulo- 
nimbus cloud, which normally contains large convec- 
tion currents, it is entirely possible that one side of a 
street may be dry (updraft side), while a heavy shower 
is occurring across the street (downdraft side). Con- 
tinuous rain, on the other hand, usually falls from a 
layered cloud that covers a large area and.has smaller 
vertical air currents. These are the conditions nor- 
mally associated with nimbostratus clouds. 
Raindrops that reach the earth's surface are seldom 
larger than about 6000 pm (6 mm), the reason being 
that the collisions (whether glancing or head-on) 
between raindrops tend to break them up into many 
smaller drops. Additionally, when raindrops grow too 
large they become unstable and break apart. (If you are 


curious as to the actual shape of a falling raindrop, 


read the Focus section on p. 226.) 


Rain is usually hasperen but, occasionally, it 
takes on various colors. For example, brown rain. is 
fairly common, especially during a drought when 
strong winds carry dirt and silt into a cloud. In ex- 
treme cases, where many tons of dust or volcanic ash 
are carried aloft, tiny mud or ash balls have actudlly 


fallen from clouds. 


After a rainstorm, visibility usually improves 
primarily because precipitation removes (scavenges) 
many of the suspended particles. When rain combines 
with gaseous pollutants, such as oxides of sulfur and 
nitrogen, it becomes acidic. Acid rain, which has an 


adverse effect on plants and water resources, is be- 


coming a major problem in many industrialized re- 
gions of the world. (See Chapter 19.) 

It is important to know the interval of time over 
which rain falls. Did it fall over several days, gradually 
soaking into the soil? Or did it come all at once in a 
cloudburst, rapidly eroding the land, clogging city 
gutters, and causing floods along creeks and rivers un- 
able to handle the sudden increased flow? The inten- 
sity of rain is the amount that falls in a given period; 
intensity is always based on the accumulation during 
a certain interval of time. For example, heavy rain 
means that water is accumulating at a rate greater than 
0.76 cm (0.30 in.) each hour. One can see that heavy 
rainfall reported for many consecutive hours can lead 


-to substantial precipitation totals. 


SNOW We have learned that much of the precipita- 
tion reaching the ground actually begins as snow. In . 
summer, the freezing level is usually above 3600 m 
(12,000 ft), and the snowflakes falling from a cloud 


_melt before reaching the ground. However, in winter, 


the freezing level is much lower, and falling snow- 
flakes havea better chance of survival. Snowflakes can 
generally fall about 300 m (1000 ft) below the freezing 
level before completely melting. Occasionally, you 
can spot the melting level when you look in the direc- 
tion of the sun, if it is near the horizon. Because snow 
scatters incoming sunlight better than rain, the darker 
region beneath the cloud contains falling snow, while 
the lighter region is falling rain. The melting zone, 
then, is the transition between the light and dark areas 
(Fig. 9.9). 

The sky will look different, however, if you are look- 
ing directly up at the precipitation. Because snow- 
flakes are such effective scatterers of light, they redi- 


rect the light beneath the cloud in all directions— 


some of it eventually reaching your eyes, making the 
region beneath the cloud look a lighter shade of gray. 
Falling raindrops, on the other hand, scatter very little 
light toward you, and the underside of the cloud ap- 


pears dark. It is this change in shading that enables - 


some observers to predict with uncanny accuracy 
whether precipitation will be in the form of rain or 
snow. 
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FIGURE 9.9 Because snow scatters sunlight more effectively than 
rain, the sky appears darker above the melting level than below it. 


Falling ice crystals and snowflakes from high cirrus 
clouds—called fall streaks—behave in much the 
same way as virga. As the ice particles fall into drier 
air, they usually sublimate (that is, change from ice 
into vapor). Because the winds at higher levels move 
the cloud and ice particles horizontally more quickly 
than do the slower winds at lower levels, fall streaks 
appear as dangling white streamers (Fig. 9.10). 
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FIGURE 9.10 The dangling white streamers of ice crystals beneath these cirrus clouds are known 
as fall streaks. The bending of the streaks is due to the changing wind speed with height. 


As rain falls, the drops take ona ~ 
characteristic shape. Choose the shape in 
Fig. 2 that you feel most accurately 
describes that of a falling raindrop. Did 
you pick number 1? The tear-shaped 
drop has been depicted by artists for 
many years. Unfortunately, raindrops are 
- not tear-shaped. Actually, the shape 


depends on the drop size. Raindrops less - 


than 2 mm in diameter are nearly 

- spherical and look like raindrop number. 
2. The attraction among the molecules of 
the liquid (surface tension) tends to 
squeeze the drop into a shape that has. 
the smallest surface area for its total 
volume—a sphere. 


CHAPTER9 PRECIPITATION 


FOCUS ON A SPECIAL TOPIC 


ARE RAINDROPS TEAR-SHAPED? 


. Large raindrops, with diameters 
exceeding 2 mm, take on a different 
shape as they fall. Believe it or not, they 
look like number 3, slightly elongated, 


flattened on the bottom, and rounded on : 


top. As the larger drop falls, the air 
pressure against the drop is greatest on 
the bottom and least on the sides. The 
pressure of the air on the bottom flattens 
the drop, while the lower pressure on its 
sides allows it to expand a little. This 
shape has been described as everything 


from a falling parachute to a loaf of bread, 
“or even a hamburger bun. You may call it 


what you wish, but remember: it is not 


~ tear-shaped. 
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FIGURE2 Which of the three drops drawn 
here represents the real shape of a falling 
raindrop? 


CPH 
Plate Dendrite 


Column l S | 


FIGURE 9.11 . Common ice-crystal forms. 


` SNAS AND SNOWFALL Snowflakes that: fall 


through moist air that is slightly above freezing slowly. = 
- melt as they descend.-A thin film of water forms onthe ` 
edge of the flakes, which acts like glue when other `` 


snowflakes come in contact with it. In this way, sev- 
eral flakes join to produce giant snowflakes often 
measuring several centimeters or more in diameter. 


TABLE9.2 M Ice- -Crystal Shapes that 
Form at Various Temperatures 


ENVIRONMENTAL TEMPERATURE : 
se XY ] ES 
Oto = =A < 32t025 ` 

25to14 . 
14to10 

- 10to3 

3to-8 
—8 to —58 


CRYSTALFORM 


thin plates 
columns 
plates 
dendrites 
plates 
hollow columns 


~ —4to — 10 
>. =10to- 12% 
12to-16 


—16 to —22 
—22 to —50 


These large, soggy snowflakes are associated with 
moist air and temperatures near freezing. However, 
when snowflakes fall through extremely cold air with 
a low moisture content, small, powdery flakes of “dry” 
snow accumulate on the ground. (To understand how 


‘snowflakes can survive in air that is above freezing, 


read the Focus section “When Is It Too Warm to 
Snow?”, p. 229.) 

If you catch falling snowflakes on a dark object and 
examine them closely, you will see that the most com- 


_ mon snowflake form is a fernlike branching star shape 


called a dendrite (Fig. 9.11). Since many types of ice 
crystals grow, why is the dendrite crystal the most 
common shape for snowflakes? The type of crystal 
formed, as well as its growth rate, depends on the air 


. temperature and relative humidity. Table 9.2 sum- 


marizes the crystal forms that develop when super- 


- cooled water and ice coexist in a saturated environ- 
- ment. Note that dendrites are common at temperatures 


between —12°C to —16°C. The maximum growth rate 
of ice crystals depends on the difference in saturation 


. vapor pressure between water and ice, and this differ- 
~ ence reaches a maximum in the temperature range 
. where dendrite crystals are most likely to grow. There- 
`- fore, this type of crystal grows more rapidly than the 

-. other crystal forms. As ice crystals fall through a 


cloud, they are constantly exposed to changing tem- 
perature and moisture conditions. Since many ice 


crystals can join together to form a much larger snow- 
flake, ice crystals may assume many complex patterns 
(Fig. 9.12). | 

Snow falling from developing cumulus clouds is 
often in the form of flurries. These are usually light 
showers that fall intermittently for short durations 


and produce only light accumulations. A more intense — 


snow shower is called a snow squall. These brief but 
heavy falls of snow are comparable to summer rain 
showers and, like snow flurries, usually fall from 
cumuliform clouds. A more continuous snowfall 
(sometimes steadily, for several hours) accompanies 
nimbostratus and altostratus clouds. 


The intensity of snow is based on its reduction of 


horizontal visibility at the time of observation. Heavy 


FIGURE 9.12 The many patterns of dendrite snow crystals. 
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snow means the visibility due to falling snow is less 
than 0.5 km (%s mi). As a general rule, heavy snow 
means a total accumulation of 10 or more centimeters 
(4 in.) during a 12-hr period, or a fall of 15 cm(6 in.) or 
more during a 24-hr period. There are, however, some 
variations to this general rule. For example, where av- 
erage 10-cm snowfalls are common, a heavy snowfall 
is typically 15 cm or more. Where snow is infrequent, 
a heavy snow may be an accumulation of 5 or 6 cm 
(about 2 or 3 inches). i 

When a strong wind is blowing at the surface, snow 
can be picked up and deposited into huge drifts. Drift- 
ing snow is usually accompanied by blowing snow; 
that is, snow lifted from the surface by the wind and 
blown about in such quantities that horizontal visibil- 
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ity is greatly restricted. The combination of drifting 
and blowing snow, after falling snow has ended, is 
called a ground blizzard. A true blizzard is a weather 
condition characterized by low temperatures and 
strong winds (greater than 30 knots) bearing large 
amounts of fine, dry, powdery particles: of snow, 
which can reduce visibility to only a few meters. 


A BLANKET OF SNOW A mantle of snow covering the 
landscape is much more than a beautiful setting—it is 
a valuable resource provided by nature. A blanket of 
snow is a good insulator (poor heat conductor). In fact, 
the more air spaces there are between the individual 
‘snowflake crystals, the better insulator they become. A 
light, fluffy covering of snow protects sensitive plants 
and their-root:systems from. damaging low tempera- 
‘tures by retarding the loss of ground heat. 

- On winter nights, ground that is covered with dry 
snow maintains a warmer temperature than ground 
that is exposed to the cold air. In this way, snow can 


prevent the ground from freezing downward to great. 


depths. In cold climates that receive little snow, it is 
‘often difficult to grow certain crops because the frozen 
soil makes spring cultivation almost impossible. Fro- 
zen ground also prevents early spring rains from per- 
colating downward into the soil, leading to rapid 
water runoff and flooding. If subsequent rains do not 
fall, the soil could even become moisture-deficient. If 
you become lost in a cold and windy snowstorm, build 
a snow cave and climb inside. It not only will protect 


you from the wind, but it also will protect you from the. 


A a E 
do Snowflake melts | 
$ Raindrop r 
00C -n22 AT $ n AR it 


Deep freezing }, Raindrop freezes 
layer A Sleet 


Colder Warmer 


FIGURE 9.13 The formation of sleet: 


“meaning, 


extreme cold by slowing the escape of heat your body 
generates. 

The accumulation of snow in mountains provides 
for winter recreation, and the melting snow in spring 
and summer is of great economic value in that it 
supplies streams and reservoirs with much-needed 
water. . 

Winter snows may be beautiful, but they are not 
without hardships and potential hazards. As spring 
approaches, rapid melting of the snowpack may flood 
low-lying areas. Too much snow on the side of a steep 
hill or mountain may become an avalanche as the 
spring thaw approaches. The added weight of snow on 
the roof of a building may cause it to collapse, leading 
to costly repairs and even loss of life. Each winter, 
heavy snows clog streets and disrupt transportation. 
To keep traffic moving, streets must be plowed and 
sanded, or salted to lower the temperature at which 
the snow freezes (melts). This can be expensive, espe- 
cially if the snow is heavy and wet. Cities unaccus- 
tomed to snow are usually harder hit by a moderate 
snowstorm than cities that frequently experience 
snow. A January snowfall of several centimeters in 
New Orleans, Louisiana, can bring traffic to a 


standstill, while a snowfall of several centimeters in 
_ Buffalo, New York, would go practically unnoticed. 


(A blanket of snow also has an effect on the way 
sounds are transmitted. More on this subject is given 
in the Focus section on p. 231.) 


_ SLEET AND FREEZING RAIN Consider the falling snow- 


flake in Fig. 9.13. As it falls into warmer air, it begins to 


melt. When it falls through the deep subfreezing sur- 
- face layer of air, the partially melted snowflake or cold 


raindrop turns back into ice, not as a snowflake, but as 
a tiny ice pellet called sleet.* Generally, these ice pel- 
lets are transparent (or translucent), with diameters.of 
5 mm (0.2 in.) or less. They bounce when striking the 
ground and produce a tapping sound when they hit a 
window or piece of metal. 

The cold surface layer beneath a cloud may be too 
shallow to freeze raindrops as they fall. In this case, 
they reach the surface as supercooled liquid drops. 
Upon striking a cold object, the drops spread out and 
almost immediately freeze, forming a thin veneer of 


*Occasionally, the news media incorrectly use the term sleet to 
represent a mixture of rain and snow. This, however, is the British 
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In the beginning of this chapter, we 
learned that it is never too cold to snow. 
So when is it too warm to snow? A person 
who has never been in a snowstorm might 
answer, “When the air temperature rises 
above freezing.” However, anyone who 
lives in a climate that experiences cold 
winters knows that snow may fall when 
the air temperature is considerably above 
freezing. In fact, in some areas, snow- 
storms often begin with a surface air 
temperature near 2°C (36°F). Why doesn't 
the falling snow meltin this air? Actually, it 
does melt, at least to some degree. Let’s 
examine this in more detail. 

In order for falling snowflakes to survive 
in air with temperatures much above 
freezing, the air must be unsaturated 
(relative humidity is less than 100 - 
percent), and the wet-bulb temperature 
must be at freezing or below. You may 
recall from our discussion on humidity 
(Chapter 6) that the wet-bulb temperature 

_is the lowest temperature that can be 
obtained by evaporating water into the air. 
- Consequently, it is a measure of the . 


FIGURE 3 


UT 


amount of cooling that can occur in the 
atmosphere as water evaporates into the 
air. When rain falls into a layer of dry air 
with a low wet-bulb temperature, rapid 
evaporation and cooling occur. This is 
why the air temperature often decreases 
when it begins to rain. During the winter, 
as raindrops evaporate in this dry air, 
rapid cooling may actually change a rainy 
day into a snowy one. This same type of 
cooling allows snowflakes to survive 
above freezing (melting) temperatures. 
Suppose it is winter and the sky is 
overcast. At the surface, the air tempera- 
ture is 2°C (36°F), the dew point is —6°C 


(21°F), and the wet-bulb temperature is 


0°C (32°F).* The air temperature drops 
sharply with height, from the surface up to 
the cloud deck. Soon, flakes of snow 


*The wet-bulb temperature is always higher 
than the dew point, except when the air is 


saturated. At that point, the air temperature, - 
- _ wet-bulb temperature, and dew point are all 


the same. 


It is snowing at 40°F during the middle of July near pe summit of Beartooth 
Mountain, Montana. - 


begin to fall from the clouds into the 
unsaturated layer below. In the air where 
temperatures are above freezing, the 
snowflakes begin to partially melt. The air, 
however, is dry, so the water quickly 
evaporates, cooling the air. In addition, 
evaporation cools the falling snowflake to 
the wet-bulb temperature, which retards 


its rate of melting. As snow continues to 


fall, evaporative cooling causes the air 
temperature to continue to drop. The 


addition of water vapor to the air increases 


the dew point, while the wet-bulb 
temperature remains essentially 
unchanged. Eventually, the entire layer of 
air cools to the wet-bulb temperature and 
becomes saturated at 0°C. As long as the 
wind doesn’t bring in warmer air, the 
precipitation remains as snow. i 

We can see that when snow falls into 
warmer air (say at 8°C or 46°F), the air 
must be extremely dry in order to have a 
wet-bulb temperature at freezing or ` 
below. In fact, with an air temperature of 
8°C (46°F) and awet-bulb temperature of. - 
0°C (32°F), the dew point would be 
—23°C (—9°F) and the relative humidity 
11 percent. Conditions such as these are 
extremely unlikely at the surface before 
the onset of precipitation. Actually, the 
highest air temperature possible with a 
below freezing wet-bulb temperature is 
about 10°C (50°F). Hence, snowflakes 
will melt rapidly in air with a temperature 
above this value. However, it is still 
possible to see flakes of snow at 
temperatures greater than 10°C (50°F), 
especially if the snowflakes are swept 
rapidly earthward by the cold, relatively 
dry downdraft of a thunderstorm. 
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FIGURE 9. 14 Aheavy coating of freezing rain during thisi ice storm caused tree limbs to break and 


power lines to sa9. 


ice. 2. This form of EETA is called freezing rain, 
glaze, or silver thaw. If the drops are small (less than 


0.5 mm in diameter), the precipitation i is called freez- 


` ing drizzle. 


Freezing 1 rain can create a beautiful winter wonder- 


land by coating everything with silvery, glistening ice. 

At the same time, highways turn into skating rinks for 
automobiles, and the destructive weight of the ice— 
which can be many tons on a single tree—breaks tree 
branches, power lines, and telephone cables. (See Fi ig. 

9.14.) A case in point is the ice storm of January, 1983, 

which left more than 250,000 people from Mississippi 
to New England without power and caused an esti- 
mated 25 deaths. As much as 4 cm (1.6 in.) of ice cov- 
ered sections of Oregon and Washington in January, 


1970, causing $6 million in damage to fruit trees inthe : 


Hood River Valley. The area most frequently hit by 
these storms extends over a broad region from Texas 
into Minnesota and eastward into the middle Atlantic 


states and New England. Such storms are exten) | 


rare in southern California and Florida. 


- In summary, Fig. 9.15 shows various winter temper- 

ature profiles and the type of precipitation associated 
with each. In profile (a), the air temperature is below 
freezing at all levels, and snowflakes (».) reach the 
surface. In (b), a zone of above-freezing air causes 
snowflakes to partially melt; then, in the deep, sub- 
freezing air at the surface, the liquid freezes into sleet 
(A). In the shallow subfreezing surface air in (c), the 
melted snowflakes freeze on contact, producing freez- 
ing rain (>). In (d), the air temperature is above freez- 
ing in a sufficiently deep layer so that precipitation 
reaches the surface as rain (- ). (Note: Other weather 
symbols are presented in Appendix B.) 


| SNOW GRAINS AND SNOW PELLETS Snow grains are 
small, opaque grains of ice, the solid equivalent of 


drizzle. They are fairly flat or elongated, with diame- 


ters generally less than 1 mm (0.04 in.). They fall in 


small quantities from stratus clouds, and never in the 
form of a shower. Upon striking a hard surface, they 
neither bounce nor shatter. Snow pellets, on the other 
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Once snow settles on the ground, it can 
affect the way sound propagates. You 
may have noticed that, after a snowfall, it 
seems quieter than usual: Freshly fallen 
snow can absorb sound—iust like 
acoustic tiles. As the snow gets deeper, 
this absorption increases. Anyone who 
has walked through the woods on a 
snowy evening knows the quiet created 


by a thick blanket of snow. As snow 
becomes older and more densely 
packed, its ability to absorb sound is 
reduced. 

New snow covering a pavement will 
sometimes squeak as you walk in it. The 
sound produced is related to the snow's 


temperature. When the air and snow are | 


from the heel of a boot partially melts the 
snow. The snow can then flow under the 
weight of the boot and no soundis made. 
However, on cold days when the snow 
temperature drops below —10°C (14°F), 
the heel of the boot will not melt the snow, 
and the ice crystals are crushed. The 
crunching of the crystals produces the 
creaking sound. 


hand, are white, opaque grains of ice, with diameters. | 
between 2 and 5 mm (0.1 and 0.2 in.). They are some- - 


times confused with snow grains. The distinction is 
easily made, however, by remembering that, unlike 
snow grains, snow pellets are brittle, crunchy, and 
bounce (or break apart) upon hitting a hard surface. 
They usually fall as showers, especially from cumulus 
congestus clouds. 
Consider the cumulus congestus cloud in Fig. 9.16. 
The freezing level is near the surface and, since the at- 
mosphere is unstable, the air temperature drops 
quickly with height. An ice crystal in the cold (—23°C) 
middle region of the cloud would be surrounded by 
many supercooled cloud droplets and ice crystals. In 
the very cold air, the crystals tend to rebound after col- 


aS Vertical Temperature Profiles 
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only slightly below freezing, the pressure — 


(c) Freezing rain 


liding rather than sticking to one another. However, 
when the ice crystals collide with the supercooled 
water droplets, they immediately freeze the droplets, 
producing a spherical aggregate of icy matter (rime) 
containing many tiny air spaces. These small air bub- 
bles have two effects on the growing ice particle: 
(1) they keep its density low; and (2) they scatter 
light, making the particle opaque. By the time the ice 
particle reaches the lower half of the cloud, it has 
grown in size and its original shape is gone. When the 
ice particle accumulates so much rime that it can no 
longer be recognized as an ice crystal (or snowflake), it 
is called graupel. Since the freezing level is at a low 
elevation, the graupel reaches the surface as a light, 
round clump of snowlike ice—a snow pellet. In sum- 
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FIGURE 9.15 Vertical temperature profiles associated with different forms of precipitation. 
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FIGURE9.16 The formation of snow pellets. In the very cold air of aconvective cloud, ice particles | , | à 
grow into graupel, which remains frozen and reaches the surface as snow pellets. a 
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FIGURE 9.17 The Coffeyville hailstone: This giant hailstone—the 
largest ever reported—fell on the community of Coffeyville, Kansas, on 
September 3, 1970. 


mer, when the freezing level is well above the cloud 
base, the graupel melts before reaching the earth. In 
vigorously convective clouds, however, the graupel 
may develop into a full-fledged hailstone. 


HAIL Hailstones are pieces of ice either transparent 
or partially opaque, ranging in size from that of small 
peas to that of golf balls or larger. Some are round, 
others take on irregular shapes. The largest authenti- 
cated hailstone fell on Coffeyville, Kansas, in Sep- 
tember, 1970. (See Fig. 9.17.) This giant weighed 757 
grams (1.67 lb) and had a measured diameter of over 
14 cm (5.5 in:). Canada’s record hailstone fell on 
Cedoux, Saskatchewan, during August, 1973. It 
weighed 290 grams (0.6 lb) and measured about 10cm 
(4 in.) in diameter. Needless to say, large hailstones are 
quite destructive. They can break windows, dent cars, 
batter roofs of homes, and cause extensive damage to 
livestock and crops. In fact, a single hailstorm can de- 
stroy a farmer’s crop in a matter of minutes. ah 

Estimates are that, in the United States alone, hail 


- accounts for some $700 million in damage annually. 
Although hailstones are potentially lethal, only two 


fatalities due to falling hail have been documented in 
the United States during this century. Near Lubbock, 
Texas, in May, 1930, a farmer died of injuries incurred 
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AIRCRAFT ICING 


Consider an aircraft flying through an area 

_of freezing rain. As the large, supercooled 
drops strike the leading edge of the wing, 
they break apart and form a film of water, 
which quickly freezes into a solid sheet of 
ice. This smooth, transparent ice—called 
clear ice—is similar to the glaze that 
coats trees during ice storms. Clear ice 
can build up quickly; it is heavy and 
difficult to remove, even with modem 
de-icers. 

When an aircraft flies through a cloud 
composed of tiny, supercooled liquid 
droplets, rime ice may form. Rime ice 
forms when some of the cloud droplets 


strike the wing and freeze before they 
have time to spread, thus leaving a rough 
and brittle coating of ice on the wing. 
Because the small, frozen droplets trap air 
between them, rime ice usually appears 
white. Even though rime ice redistributes 
the flow of air over the wing more than 
clear ice does, it is lighter in weight and is 
more easily removed with de-icers. 

Because the raindrops and cloud ` 
droplets in most clouds vary in size, a 
mixture of clear and rime ice usually forms 
on aircraft. Also, because concentrations 
of liquid water tend to be greatest in warm 
air, icing is usually heaviest and most 
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severe when the air temperature is 
between 0°C and — 10°C (32°F to 14°F). 

A major hazard to aviation, icing 
reduces aircraft efficiency by increasing 
weight. Icing has other adverse effects, 
depending on where it forms. On a wing 
or fuselage, ice can disrupt the air flow 
and decrease the plane's flying capability. 
Whenice forms in the air intake of the 
engine, itrobs the engine of air, causing a 
reduction in power. Icing may also affect 
the operation of brakes, landing gear, 
and instruments. 


after having been caught in the middle of a violent 
hailstorm. A three-month-old boy died from a frac- 
tured skull caused by large hailstones, which pelted 
Fort Collins, Colorado, on July 30, 1979. In April of 
1888, in northern India, 246 people died in a 
hailstorm, and, in southeast China, some 200 people 
lost their lives and thousands were injured ina devas- 
tating hailstorm in June, 1932. 

Hail is produced in a cumulonimbus cloud when 
graupel, large frozen raindrops, or just about any par- 
ticles (even insects) act as embryos that grow by accu- 
mulating supercooled liquid droplets—accretion. It 


takes a million cloud droplets to form a single rain- 


drop, but it takes about 10 billion cloud droplets to 
form a golfball-size hailstone. Fora hailstone to grow 
to this size, it must remain in the cloud for between 5 
and 10 minutes. Violent, upsurging air currents 
within the cloud carry small embryos high above the 
freezing level. When the updrafts are tilted, the em- 
bryos are swept laterally through the cloud. As the em- 
bryos pass through regions of varying liquid water 
content, a coating of ice forms around them and they 
grow larger and larger. When the ice particles are ap- 
preciable size, they become too large and heavy to be 
supported by the rising air, and they then begin to fall 
as hail. As they slowly descend, the hailstones may get 
caught in a violent updraft (Fig. 9.18) only to be car- 


ried upward once again to repeat the cycle. Or, they - 


may fall through the cloud and begin to melt in the 


warmer air below. Small hailstones often melt before 
reaching the ground, but, in the violent thunderstorms 
of summer, hailstones may grow large enough to reach - 
the ground before completely melting. Strangely, 
then, we find the largest form of frozen precipitation 
occurring during the warmest time of the year. * 

As the cumulonimbus cloud moves along, it may 
deposit its hail in a long narrow band (often several ki- 
lometers wide and about 10 kilometers long) known as 
a hailstreak. If the cloud should remain almost sta- 
tionary for a period of time, substantial accumulation 
of hail. is possible. For example, in June, 1959, a 
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FIGURE 9.18 The formation of hailstones. The violent updrafts in this 
cumulonimbus cloud keep ice particles suspended in the cloud. The ice 
particles collide with supercooled liquid droplets, which freeze on 
contact. The ice particle eventually grows large enough and heavy 
enough to fall toward the ground as a hailstone. 
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FIGURE9.19 The giant Coffeyville hailstone first cut then photographed under regular light (left) and 


polarized light (right). This procedure reveals its layered structure. 


hailstorm lasting 85 minutes covered the town of Sel- 
den, Kansas, with hail 46 cm (18 in.) deep. During 
June, 1984, a devastating hailstorm lasting over an 
hour dumped knee-deep hail on the suburbs of Den- 
ver, Colorado. In addition to its destructive effect, ac- 
cumulations of hail on a roadway is a hazard to traffic, 
when, for example, four people lost their lives near 
Soda Springs, California, in a 15-vehicle pileup on a 
_ hail-covered freeway during September, 1989. 
Figure 9.19 shows a cut section of the giant Cof- 
feyville hailstone. Notice that it has concentric layers 
of milky white and clear ice. We have already seen that 
as a hailstone travels through regions of a cloud with 
varying water content, it grows larger by accumulating 
supercooled water droplets. If the air is very cold and 
the liquid water content relatively low, supercooled 
droplets freeze immediately on the stone, producing a 
coating of opaque rime ice containing many air bub- 


bles. As the water freezes, heat is released, which : 


keeps the surface of the hailstone warmer than its 
environment. ; 

If the stone enters the wetter part of the cloud, where 
the liquid water content is higher and many more 
supercooled water droplets exist, liquid droplets may 
collect so rapidly that the hailstone’s surface tempera- 
ture remains above 0°C. Now, the supercooled drop- 
lets no longer freeze on impact; instead, they spread a 
coating of water around the hailstone. As the hailstone 
‘re-enters a colder section of the cloud, the surface 


water cools and slowly freezes. Trapped air escapes, - 


and the ice that forms is clear. Therefore, as a hailstone 
passes through a cloud of changing temperatures and 
liquid water content, alternating layers of opaque and 
clear ice form. Observing these layers can help us un- 
derstand much about the hailstone’s environment 
during its formation. (Because of hail's destructive na- 
ture, various techniques have been used to suppress 
its formation. Information on some of these tech- 
niques is given in the Focus section on p. 235.) _ 


‘MEASURING PRECIPITATION 


INSTRUMENTS A standard 20 cm (8 in.) rain gauge is 


commonly used to measure rainfall. This instrument 
consists of a funnel-shaped collector 20 cm in diame- 
ter attached to a 50 cm (20 in.) long measuring tube 
(Fig. 9.20). The cross-sectional area of the collector is 
10 times that of the tube. Hence, rain falling into the 
collector is amplified tenfold in the tube, permitting 
measurements of great precision. A wooden scale, 
calibrated to allow for the vertical exaggeration, is in- 
serted into the tube and withdrawn. The wet portion 
of the scale indicates the depth of water. So, 25 cm (10 


in.) of water in the tube would be measured as 2.5 cm 


(1 in.) of rainfall. Because of this amplification, rain- 
fall measurements can be made when the amount is as 
small as 0.025 cm (0.01 in.). An amount less than this 
is called a trace. - ' Sl E l 
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PREVENTING A HAILSTORM 


Because hailstones are so damaging to 
crops, various methods have been tried to 
prevent them from forming in thunder- 
storms. One method employs the seeding 
of clouds with large quantities of silver 
iodide. These nuclei freeze supercooled 
water droplets and convert them into ice 
crystals. The ice crystals grow larger as 
they come in contact with additional 


supercooled cloud droplets. In time, the 
ice crystals grow large enough to be 
called graupel, which then becomes a 
hailstone embryo. Large numbers of 
embryos are produced by seeding in 
hopes that competition for the remaining 
supercooled droplets may be so great 
that none of the embryos would be able to 


grow into large and destructive hailstones. 
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Soviet scientists claim great success in 
suppressing hail using ice nuclei, such as 
silver iodide and lead iodide. However, 
their experiments are performed in such a 
way that statistical evaluation is not 
possible. In the United States, the results 
of most hail-suppression experiments are 
still inconclusive. .: 


As we can see, the measuring tube can only collect 5 
cm (2 in.) of rain. Rainfall of more than 5 cm causes an 
overflow into an outer cylinder. Here, the excess rain- 
fall is stored and protected from appreciable evapora- 
tion. When the gauge is emptied, the overflow is care- 
fully poured into the tube and measured. 

Another instrument that measures rainfall is the tip- 
ping bucket rain gauge. In Fig. 9.21, notice that this 
gauge has a receiving funnel leading to. two small 
metal collectors (buckets). The bucket beneath the 
funnel collects the rain water. When it accumulates 
the equivalent of 0.025 cm (0.01 in.) of rain, the weight 
of the water causes it to tip and empty itself. The sec- 
ond bucket immediately moves under the funnel to 
catch the water. When it fills, it also tips and empties 
itself, while the original bucket moves back beneath 
the funnel. Each time a bucket tips, an electric contact 
is made, causing a pen to register a mark on a remote 
recording chart. Adding up the total number of marks 
gives the rainfall for a certain time period. 

Remote recording of precipitation can also be made 
with a weighing-type rain gauge. With this gauge, pre- 
cipitation is caught in a cylinder and accumulates in a 
bucket. The bucket sits on a sensitive weighing plat- 
form. Special gears translate the accumulated weight 
of rain or snow into millimeters orinches of precipita- 
tion. The precipitation totals are recorded by a pen on 
chart paper, which covers a clock-driven drum. By 
using special electronic equipment, this information 
can be transmitted from rain gauges located in remote 
areas to satellites or land-based stations, thus provid- 
ing precipitation totals from previously inaccessible 
regions. l l 

The depth of snow in a region is determined by 
measuring its depth at three or more representative 


Measuring scale 


> <_— Collector 
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_ FIGURE 9.20 Components of the standard rain gauge. 


Remote recorder 


FIGURE 9.21 The tipping bucket rain gauge. Each time the bucket fills 
with 0.01 inch of rain, it tips, sending an electric signal to the remote 
recorder. l 
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After it showers, ask someone what time it 
began to rain. More than likely the answer 


will be, “When the first raindrops hit the 
ground.” Did the rain really begin at this 
time? Actually, raindrops begin to fall 
within clouds as soon as they are large 
- enough to overcome any updrafts. 
- Raindrops falling from the middle of a 


cloud 6100 m (about 20,000 ft) thick take 


over 9 minutes to reach the surface. And 
~ what about updrafts? Falling drops can ~ 

become caught in rising currents and 
remain suspended for a long time. So, 
when does rain begin to fall? Until 

atmospheric scientists began using 
weather radar to study precipitation, the 
answer to this question was indeed 
difficult to obtain. 

Radar has become an essential tool of 
the atmospheric scientist, for it gathers 
information about storms and precipita- 
tion in previously inaccessible regions. 


Atmospheric scientists use weather radar ` 


* . toexamine the inside of a cloud much like 
physicians use X-rays to examine the 
inside of a human body. Essentially, the 
radar unit consists of a transmitter that 
sends out short, powerful microwave 

- pulses having wavelengths between 1 
and 20 cm. When this energy encounters 
a foreign object—called a target—a 

` fraction of the energy is scattered back - 
toward the transmitter and is detected by 
areceiver. The returning signalis amplified 
and displayed on a screen, producing an 
image or “echo” from the target. The 

elapsed time between transmission and 

_ reception indicates the target’s distance. 

Smaller targets require detection by 
shorter wavelengths. Cloud droplets are * 


FIGURE 4 Acolor radar image of precipitation over southern Georgia. (Green represents 


detected by radar using wavelengths of 
: 1 cm, whereas longer wavelengths 


(between 3 and 10 cm) are only weakly 
scattered by tiny cloud droplets, but are 
strongly scattered by larger precipitation 


. particles. The brightness of the echo is - 
directly related to the amount of rain falling 


in the cloud. So, the radar screen shows 


` not only where precipitation is occurring, 


but also how intense itis. In recent years, 
the radar image has been displayed using 
various colors to denote the intensity of 


l rentes precipitation while yellow and red represent heavier Bgciitation: ) 


_ precipitation within the range of the radar 


unit (Fig. 4). Some television weather 
shows use this observation technique and 
call it “color radar.” 


-. Not only does radar provide informa- 


tion on precipitation, it also allows 


- scientists to peer into a tornado-generat- 
ing thunderstorm. We will investigate the . 


special type of radar—called Doppler 
radar—used for this purpose in Chapter 
16, when we consider the formation of 
severe thunderstorms and tornadoes. 


areas. The amount of snowfall is defined as the average 
of these measurements. Since snow often blows 
around and accumulates into drifts, finding a repre- 
sentative area can be a problem. Determining the ac- 
tual depth of snow can include considerable educated 
guesswork. Snow depth may also be measured by re- 
moving the collector and inner cylinder of a standard 
rain gauge and allowing snow to accumulate in the 
outer tube. Turbulent air around the edge of the tube 
often blows flakes away from the gauge. This makes 
the amount of snow collected less than the actual 
snowfall. To remedy this, slatted windshields are 
placed around the cylinder to block the wind and en- 
sure a more correct catch. 

Precipitation is a highly variable weather element. 
A huge thunderstorm may drench one section of a 
town while leaving another section completely dry. 
Given this variability, it should be apparent that a sin- 
gle rain gauge on top ofa building cannot represent the 
total precipitation for any particular region. 

How do scientists know that it is raining in a region 
where no rainfall measurements are made? The 
weather-gathering tool that provides scientists with 
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this information is radar (radio detection and rang- 


ing). A brief introduction to this topic is provided in 
the Focus section on p. 236. 


WATER EQUIVALENT The depth of water that would 
result from the melting of a snow sample is called the 
water equivalent. In a typical fresh snowpack, about 
10 cm of snow will melt down to about 1 cm of water, 
giving a water equivalent ratio of 10:1. This ratio, how- 
ever, will vary greatly, depending on the texture and 
packing of the snow. Very wet snow falling in air near 
freezing may have a water equivalent of 6:1. On the 
other hand, in dry, powdery snow, the ratio may be as _ 
high as 30:1. Toward the end of the winter, large com- 
pacted drifts representing the accumulation of many 
storms may have a water equivalent of less than 2:1. 
Determining the water equivalent of snow isa fairly 
straightforward process: The snow accumulated in a 
rain gauge is melted and-its depth is measured. 
Another method uses a long tube pushed into the 
snow to a desired depth. This snow sample is then 


melted and poured into a rain gauge for measuring its 
depth. l 


In this chapter, we have seen that cloud droplets are 
too small and light to reach the ground as rain: Cloud 
droplets do grow larger by condensation, but this pro- 
cess by itself is much too slow to produce substantial 
precipitation. Because larger cloud droplets fall faster 
and farther than smaller ones, they grow larger as they 


fall by coalescing with drops in their path. If the tem- - 


perature in a cloud drops below freezing, then ice 
crystals play an important role in producing precipita- 
tion. Some crystals may form on ice nuclei, or they 


may form when they come in contact with a foreign - 


particle. At temperatures below —40°C, liquid drop- 
lets spontaneously freeze. Because of differences in 
vapor pressures between water and ice, an ice crystal 
surrounded by water droplets grows larger at the ex- 
pense of the droplets. As it begins to fall, it grows even 
larger by colliding with liquid droplets, which freeze 


on contact. In an attempt to coax more precipitation 
from them, some clouds are seeded. 7 

Precipitation can reach the surface in a variety of 
forms. In winter, raindrops may freeze on impact, pro- 
ducing freezing rain that can disrupt electrical service 
by downing power lines. Raindrops may freeze into 
tiny pellets of ice above the ground and reach the sur- 
face as sleet. Depending on conditions, snow may fall 
as pellets, grains, or flakes, all of which can influence 
how far we see and hear. Strong updrafts in a cumulo- 
nimbus cloud may carry ice particles high above the 
freezing level, where they acquire a further coating of 
ice and form destructive hailstones. Although the rain 
gauge is still the most commonly used method of mea- 
suring precipitation, radar has recently become an im- 
portant instrument for determining precipitation in- 
tensity. 
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@ KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 


viewing the material covered in this chapter. 


equilibrium vapor pressure 
curvature effect | 
supersaturation 

solute effect 

terminal velocity 

coalescence = 

supercooled (water droplets). 
spontaneous (homogeneous) nucleation 
ice nuclei 

contact nucleation [contact freezing) 
accretion 

riming 

graupel 


E QUESTIONS FOR REVIEW ` 


Bergeron process 


cloud seeding 


Tain 
drizzle 


_ virga 


shower (rain) 


` SNOW 


fall streaks 
flurries (of snow) 
snow squall 
blizzard 

sleet (ice pellets) 
freezing rain 


“Al. 


freezing drizzle . 
clear ice 
rime ice 
snow grains 
snow pellets 
hailstones 
hailstreak 
standard rain gauge 
trace (of precipitation) 
_tipping bucket rain gauge 
weighing-type rain gauge 
. radar 
_. "water equivalent 


Why are large snowflakes usually observed when 


_ the air temperature near the ground is just below 


1, What is the main difference between a cloud drop- 


“let and a raindrop? 


10. 


. Why do typical cloud OE seldom reach the 


ground as rain? 


. What are warm clouds? How is peo gton be- 


lieved to form in them? 


. List and describe three ways in which ice Ed i 
‘can form in a cloud. . 

. Briefly explain. the 9 o Var 
-process of producing precipitation. 

. Explain in your own words how the ice-crystal 


process of producing rain works. Illustrate with a 
diagram. 


. Would the collision-and-coalescence process 


work betterin producing rain in (a) a warm, thick 
nimbostratus cloud or (b)a.warm, towering 
cumulus congestus cloud? Explain. i 


. Why is it foolish to seed a clear sky with silver 


iodide? 


. How would you be able to distinguish between 


virga and fall streaks? 

Explain why heavy showers usually accompany 
cumuliform clouds, while steady precipitation 
normally falls from stratiform clouds. 


freezing? 


. Dendrite ice crystals are the most common form of 


ice crystals. Why? 


. What is the difference between snow flurries and a 


snow squall? 


. How do the atmospheric conditions that produce 


sleet differ from those that produce hail? 


. Why is hail more common in summer than in 


winter? 


. How is radar used to study precipitation? 
. List and then explain how several common pre- 


cipitation gauges measure rain and snow. 


QUESTIONS FOR THOUGHT 


1. 


2. 


‘Ice crystals that form by accretion are fairly large. 


Explain why they fall slowly. 
Why is a warm, tropical cumulus cloud more 


likely to produce precipitation than a cold, stratus 


cloud? 


. Explain why very small cloud droplets of pure 


water evaporate even when the relative humidity 
is 100 percent. 


eevee ee 


11. 


12. 


. Suppose a thick nimbostratus cloud contains ice 


crystals and cloud droplets all about the same size. 
Which precipitation process will be most impor- 
tant in producing rain from this cloud? Why? 


. Clouds that form over water are usually more 


efficient in producing precipitation than clouds 
that form over land. Why? 


. Everyday in summer a blizzard occurs over the 


Great Plains. Explain where and why. 


. During a recent snowstorm, Denver, Colorado, re- 


ceived 7 cm (3 in.) of snow. Sixty kilometers east of 
Denver, a city received no measurable snowfall, 
while 150 kilometers east of Denver another city 
received 10 cm (4 in.) of snow. Since Denver is lo- 
cated to the east of the Rockies, and the upper- 
level winds were westerly during the snowstorm, 
give an explanation as to what could account for 
this snowfall pattern. 


. Explain how seeding a cloud with silver iodide 


might actually decrease precipitation. 


. Lead iodide is an effective ice-forming nucleus. 


Why do you think it has not been used for that 
purpose? 


. When cirrus clouds are above a deck of altocumu- 


lus clouds, occasionally a clear area, or “hole,” 
will appear in the altocumulus cloud layer. What 
do you suppose could cause this to happen? 

On a cold, clear day, ice crystals may actually fall 
from the sky. Can you explain what could account 
for this? (Because the crystals sparkle in the sun- 
light, they are called diamond dust.) 

When falling snowflakes become mixed with 
sleet, why is this condition often followed by the 
snowflakes changing into rain? 


E PROBLEMS AND EXERCISES 


1, 


In the daily newspaper, a city is reported as receiv- 
ing 1.32 cm (0.52 in.) of precipitation overa 24-hour 
period. Ifall the precipitation fellas snow, and if we 
assume a normal water equivalent ratio of 10:1, 
how much snow did this city receive? 
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2. How many times faster does a large raindrop (diam- 


eter 5000 pum) fall than a cloud droplet (diameter 20 
um), if both are falling at their terminal velocity in 
still air? 


. (a) How many minutes would it take drizzle witha 


diameter of 200 pm to reach the surface if it falls at 
its terminal velocity from the base of a cloud 
1000 m (about 3300 ft) above the ground? (Assume 
the air is saturated beneath the cloud, the drizzle 
does not evaporate, and the air is still.) 

(b). Suppose the drizzle in problem 3a evaporates 
on its way to the ground. If the drop size is 200 pm 
for the first 450 m of descent, 100 pm for the next 
450 m, and 20 pm forthe final 100 m, how long will 
it take the drizzle to reach the ground if it falls in 
still air? 


. Suppose a large raindrop (diameter 5000 pm) falls 


at its terminal velocity from the base of a cloud 
1500 m (about 5000 ft) above the ground. 
(a) If we assume the raindrop does not evaporate, 
how long would it take the drop to reach the sur- 
face? . 
(b) What will be the shape of the falling raindrop 
just before it reaches the ground? - 

(c) What type of cloud would you have expected 
this raindrop to fall from? Explain. 


. Describe a plausible life history for the large 


hailstone in the figure below. Explain how the areas 
of clear ice and rime ice probably formed. 


Graupel 


Clear ice 


Rime ice 
ei 
5mm 
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Advanced image processing techniques convert satellite data into a global picture of winds. 
Arrows show wind direction and colors represent wind speed, with yellow being the highest 
wind speed and blue the lowest. Notice that the winds blow counterclockwise around the 
storm just off the coast of Alaska, while in the Southern Hemisphere, the winds blow 
clockwise around the storm situated over the south Pacific Ocean. (Photo: NASA. The image 
was created by Peter Woiceshyn and Andrew Pursh of Jet Propulsion Lab, Professor Morton 
Wurtele of UCLA, and Dr. Stephen Peteherych of the Canadian Atmospheric Environment 
Service.) "Y : E 
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THE ATMOSPHERE 


IN MOTION—CHARTS,. 


FORCES, AND WINDS 


December 19, 1980, was a cool day in Lynn, Massachusetts, 
but not cool enough to dampen the spirits of more than 2000 
people who gathered in Central Square—all hoping to catch at 
least one of the 1500 dollar bills that would be dropped from a 
small airplane at noon. Right on schedule, the aircraft circled the 
city and dumped the money onto the people below. However, 
to the dismay of the onlookers, a westerly wind caught the 
currency before itreached the ground and carried it out over the 


- cold Atlantic Ocean. Had the pilot or the sponsoring leather 


manufacturer examined the weather charts beforehand, they 
might have been able to predict that the wind would ruin their 
advertising scheme. . 


This opening scenario raises two questions: (1) Why 
does the wind blow? and (2) How can one tell its direc- 
tion by looking at weather charts? Chapter 1 has al- 
ready answered the first question: Air moves in re- 
sponse to horizontal differences in pressure. This 
happens when we open a vacuum-packed can—air 
rushes from the higher pressure region outside the can 
toward the region of lower pressure inside. In the at- 
mosphere, the wind blows in an attempt to equalize 
imbalances in air pressure. Does this mean that the 
wind always blows directly from high to low pres- 
sure? Not really, because the movement of air is con- 
trolled not only by pressure differences but by other 
forces as well. In this chapter, we will consider the 
forces that influence atmospheric motions at the sur- 
face and aloft. Through studying these forces, we will 
be able to tell how the wind should blow in a partic- 
ular region by examining surface and upper-air charts. 


E SURFACE AND UPPER-LEVEL CHARTS 


In order to understand how pressure influences 
winds, we must first examine charts that show vari- 
ations in pressure. We need to know how such charts 
are constructed and what they represent. 
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Diagram (a) 


-+60 mb +30 mb + 110 mb 
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Diagram (c) y > ` Isobars 
aa Sea Level PRESENTE Chart | 


FIGURE 10.1. The top deoram (a) shows four stations (A, B, C, and D) at varying elevations above 
sea level, all with different station pressures. The middle diagram (b) represents sea level pressures 
of the four stations plotted on a sea level chart. The bottom geen (c) shows isobars drawn on the 


Sron (dark lines) at intervals of 4 mb. 


STATION PRESSURE Chapter 2 developed a number of 
concepts about atmospheric pressure. Two significant 
ones were (1) that atmospheric pressure is a measure 
of the weight of the air above the point of observation; 
and (2) that the height of the mercury column in a mer- 
cury barometer is a measure of air pressure. Remember 
to keep these important concepts in mind as you read 
this section. 

The seemingly simple task of reading ie height of 
the mercury column to obtain the air pressure is actu- 
ally not all that simple. Beinga fluid, mercury is sensi- 
tive to changes in temperature; it will expand when 
heated and contract when cooled. Consequently, to 
obtain accurate pressure readings without the influ- 
ence of temperature, all mercury barometers are cor- 
rected as if they were read at the same temperature. Be- 


Nos 


cause the earth is not a perfect sphere, the force of 
gravity is not a constant. Although small, gravity dif- 
ferences do influence the height of the mercury col- 
umn and must be considered when reading the barom- 
eter. Finally, each barometer has its own “built-in” 
error, called instrument error, which is caused, in 
part, by the surface tension of the mercury against the 
glass tube. After being corrected for temperature, grav- 
ity, and instrument error, the barometer reading at a 
particular location is termed station pressure. 

Figure 10.1a gives the station pressure measured at 
four locations only a few hundred kilometers apart. 
We might ask why these pressure readings vary so 
much, since the cities are so close together. Horizontal 
pressure variations such as these would: produce 
winds of hundreds of kilometers per hour. 
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We might guess from Fig. 10.1a that the differences 
in station pressure of the four cities are due primarily 
to their variation in altitude. This becomes even 
clearer when we realize that atmospheric pressure 
changes much more quickly when we move upward 
than it does when we move sideways. As an example, 
the vertical change in air pressure from the base to the 
top of the Empire State Building—a distance ofa little 
more than Y. km—is typically much greater than the 
horizontal difference in air pressure from New York 


City to Miami, Florida—a distance of over 1600 km. . 


Therefore, we can see that a small vertical difference 
between two observation sites can yield a large differ- 
ence in station pressure. Thus, to properly monitor 
horizontal changes in pressure, barometer readings 
must be corrected for altitude. 


SEA LEVEL PRESSURE Altitude corrections are made so 
that a barometer reading taken at one elevation can be 
compared with a barometer reading taken at another. 
Pressure observations are normally adjusted to an alti- 
tude of O meters, which is referred to as mean sea 
level—the level representing the average surface of 
the ocean. The size of the correction depends primar- 
ily on how high the station is above sea level. 

Near the earth’s surface, atmospheric pressure de- 
creases by about 10 millibars for every 100 meters in- 
crease in elevation (about 1 in. of mercury for each 
1000-ft rise) in an atmosphere where the air tempera- 
ture decreases at the standard lapse rate of 6.5°C/1000 
meters. Under these conditions, suppose a barometer 
located at sea level and reading a station pressure of 
1010 millibars, were lifted into the atmosphere. At 100 
meters, it would read 1000 millibars and, at 200 me- 
ters, the reading would be 990 millibars. Therefore, at 
200-meters altitude, we simply add 20 millibars to the 
station pressure to obtain the sea level pressure. In 
general, we add 10 millibars for every 100 meters of al- 
titude to obtain sea level pressure. 

Because a standard atmosphere seldom exists, this 
value (10 millibars per 100 meters) only approximates 
actual conditions. For example, at any given level, 
cold air is more dense than warm air. (See Chap. 2.) 
Consequently, atmospheric pressure decreases more 
rapidly with height in cold (more dense) air than it 
does in warm (less dense) air. Hence, in cold air, the 
vertical rate of pressure change is typically greater 
than 10 millibars per 100 meters, while in warm air, it 
is less. Moreover, since the vertical lapse rate changes 
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slightly from day to day, temperature and moisture 
corrections made for “average” conditions may intro- 
duce additional errors. However, if we simplify mat- 
ters and assume a standard lapse rate, we can correct 
each of the station pressures in Fig. 10.1a to sea level 
simply by adding 10 millibars per 100 meters to each 
station pressure. When we plot these corrected values 
on the sea level pressure chart (Fig. 10.1b), we are able 
to see the horizontal variation in sea level pressure. 
Notice that the pressure varies from higher pressure 
on the left side of the map to lower pressure on the 
right—something impossible to see from the uncor- 
rected station pressures we initially examined in Fig. 
10.1a. 

When more pressure data are added (Fig. 10.1c), the 
chart can be analyzed and the pressure pattern vis- 
ualized. Isobars (lines connecting points of equal 
pressure) are drawn at intervals of 4 mb,* with 1000 
mb being the base value. Note that the isobars do not 
pass through each point, but, rather, between many of 
them, with the exact values being interpolated from 
the data given on the chart. For example, follow the 
1008-mb line from the top of the chart southward and 
observe that there is no plotted pressure of 1008 mb. 
The 1008-mb isobar, however, comes closer to the sta- 
tion with a sea level pressure of 1007 mb than it does to 
the station with a pressure of 1010 mb. . 

The isobars in Fig. 10.2a are drawn precisely, with 
each individual observation taken into account. 
Notice that many of the lines are irregular, especially 
in mountainous regions over the Rockies. The reason 
for the wiggle is due, in part, to small-scale local vari- 
ations in pressure and to errors introduced by correct- 
ing observations that were taken at high-altitude sta- 
tions. An extreme case of this type of error occurs at 
Leadville, Colorado (elevation 3096 m), the highest 
city in the United States. Here, the station pressure is 
typically near 700 mb. This means that nearly 300 mb 
must be added to obtain asea level pressure reading! A 
mere 1 percent error in estimating the exact correction 
would result in a 3-mb error in sea level pressure. For 
this reason, isobars are smoothed through readings 
from high-altitude stations and from stations that 
might have small observational errors. Figure 10.2b 
shows how the isobars appear on the surface map after 
they are smoothed. . 


* An interval of 2 mb would put the lines too close together, and an 
8-mb interval would spread them too far apart. 
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FIGURE 10.2 (a) as level isobars drawn so that each observation i is taken into account. Not all 


observations are e plotted. (b) Sea level isobars after smoothing. 


Altitude (m) 
Altitude (ft) 


FIGURE 10.3 Each map shows isobars on a constant height chart. 
The isobars represent variations in horizontal pressure at that altitude. 
An average isobar at sea level would be about 1000 mb; at 3000 m, 
about 700 mb; and at 5600 m, about 500 mb. . s i 


CONSTANT HEIGHT AND CONSTANT PRESSURE CHARTS 
The sea level pressure chart described so far is called a 
constant height chart because it represents the atmo- 
spheric pressure at a constant level—in this case, sea 
level. The same type of chart could be drawn to show 
the horizontal variations in pressure at any level in the 
atmosphere; for example, at 3000 m (Fig. 10.3)... 
Another type of chart is commonly used in studying 
the weather, namely, the constant pressure (isobaric) 


.. chart. Instead of showing pressure variations at a con- 
‘stant altitude, these charts are constructed to show 


height variations along an equal pressure (isobaric) 
surface. Constant pressure charts are convenient to 
use because the height variables they show are easier 
to deal with in meteorological equations than the vari- 
ables of pressure. Since isobaric charts are in common 
use, let’s examine them in detail. 

The dots in Fig. 10.4 represent air molecules from 
sea level up to the tropopause. To simplify matters, we 
assume that the air density is constant throughout the 
entire air layer and that all of the air molecules are 
squeezed into this layer. If we climb halfway up the air 
column and stop, then draw a sheetlike surface repre- 
senting this level, we will have made a constant height 
surface. This altitude (5600 m) is where we would, 
under standard conditions, measure a pressure of 500 
mb. Observe that everywhere along this surface there 
are an equal number of molecules above it. This means 


that the level of constant height also represents a level 
of constant pressure. At every point on this isobaric 
surface, the height is 5600 m above sea level and the 
pressure is 500 mb. Within the air column, we could 
cut any number of horizontal slices, and each slice 
would represent both an isobaric and constant height 
surface. A map of any one of these surfaces would be 
blank, since there are no horizontal variations in 
either pressure or altitude. 

If the air temperature should change in any portion 
of the column, the air density and pressure would 
change along with it (Fig. 10.5). Note that we have 
colder air to the north and warmer air to the south. To 
simplify this situation, we will keep the surface pres- 
sure from varying as the density changes. To do this, 
the total number of molecules in the column above 
each region must remain constant. Therefore, in the 
cold, more-dense air the column contracts, while in 
the warm, less-dense air the column expands. 

Now, in Fig. 10.5 look at the surface of constant 500- 
millibar pressure extending from south to north. Ob- 
serve that in the warm air at the extreme southern end 
of the diagram a pressure of 500 millibars is observed 
at an altitude of 5800 meters, considerably above the 
average height of this pressure level (5600 meters). In 


this region, note that the pressure at 5600 meters will © 


be greater than 500 millibars. From this, we can con- 
clude that when there is warm air aloft, constant pres- 
sure surfaces are typically found at higher elevations 
than normal, and the pressure at any one altitude is 
considered higher than normal. Stated another way: 
High elevations on an isobaric chart correspond to 
higher-than-normal pressures at any given altitude. 

- Use the same reasoning to examine the colder air in 
the north end of Fig. 10.5. Here, the air column has 
shrunk and the height of the 500-mb surface is at 
5500 m, lower than the “normal” altitude of 5600 m. If 
we move upward from the 500-mb level to an altitude 
of 5600 m, we would find the air pressure to be lower 


than 500 mb. From this, we can conclude that when _ 


there is cold air aloft, constant pressure surfaces are 
typically found at lower altitudes than normal, and 
the pressure at each level is lower than normal. In 
other words: Low elevations on an isobaric chart cor- 
respond tó lower-than-normal pressures at any given 
_ altitude. - l 

The variations in height of the constant pressure 
surface in Fig. 10.5 are shown in Fig. 10.6. Note that 
where the constant altitude lines intersect the 500-mb 
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` FIGURE 10.4 When there are no horizontal variations in pressure, 


constant pressure surfaces are parallel to constant height surfaces. In 
the diagram; a measured pressure of 500 mb is 5600 m above sea level 
everywhere. 


pressure surface, contour lines (lines connecting 
points of equal elevation) are drawn on the 500-mb 
map below. Each contour line, of course, tells us the 
altitude above sea level at which one obtains a pres- 
sure reading of 500 mb. In the warmer air to the south, 
the elevations are high, while in the cold air to the 


5800 


5600 EY 


Altitude (m) 


FIGURE 10.5 Because of the changes in air density, a surface of 
constant pressure (shaded area) rises in warm, less dense air and 
lowers in cold, more dense air. Where the horizontal temperature 
changes most quickly, the constant pressure surface changes elevation 
most rapidly. 


246 


500 mb surface 


Warm air 


N 


Hise 


500 mb map 


Contour lines 


` FIGURE 10.6 Changes in elevation of a constant pressure surface 
- (500 mb) show up as contour lines on a constant pressure (500 mb) 


map. Where the surface dips most rapidly, the lines are closer together. . 


north, the elevations are low. The contour lines are 

crowded together in the middle of the chart, where the 

pressure surface dips rapidly due to the changing air 

temperature. Where there is little horizontal tempera- 

ture change, there are also few contour lines. 

_ From what we have seen so far, it should be appar- 
ent that cold air aloft is normally associated with low 


heights or low pressures, and warm air aloft with high | 


heights or high pressures. Consequently, on upper-air 
charts representing the Northern Hemisphere, con- 
tour lines and isobars usually decrease in value from 
south to north because the air is typically warmer to 
the south and colder to the north. The lines, however, 


Surface of 
constant pressure 


“Constant 
pressure 
chart 


FIGURE 10.7 The wavelike pattems of a constant pressure surface . 


reflect the changes i in air temperature. An elongated region of warm air 
aloft shows up on an isobaric map as higher heights and a ridge; se 
colder air shows as lower heights and a trough.’ 
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are not straight; they bend and turn, indicating ridges 
(elongated highs) where the air is warm and indicating 
depressions, or troughs (elongated lows), where the 
air is cold. In Fig. 10.7, we can see how the wavy con- 
tours on the map relate to the changes in altitude of the 


- pressure surface. 


A 500-mb map averaged for the month of eaii is 
shown in Fig. 10.8. The heights ofthe contour lines are 
given in meters. The difference in elevation between 
each contour line (called the contour interval) is 60 m. 
As we would expect, the average height of the 500-mb 


level decreases as we move north. Superimposed on 


this map are dashed lines, which represent lines of 
equal temperature (isotherms). Observe how the con- 


tour lines tend to parallel the isotherms. 


Although we have examined only the 500-mb chart, 
other isobaric charts are commonly used. Table 10.1 
lists these charts and their approximate heights above 
sea level. 

Upper-level charts are a valuable tool. As we will 


see, they show wind-flow patterns that are extremely’ 

important in forecasting the weather. They can also be 
used to determine the movement of weather systems © 
and to predict the behavior of surface pressure areas. ” 


To the pilot of a small aircraft, a constant pressure 
chart can help determine whether the plane is flying at 
an altitude either higher or lower than its altimeter in- 
dicates. (For more information on this topic, read the 
Focus section “Flying on-a Constant Pressure Sur- 
face—High to Low, Look Out Below,” p. 250.) 

Now that we have examined surface and upper-air 
charts, we will be able to use them in our study of the 
forces that produce and affect winds.  ' 


TABLE 10.1 “EH Common Isobaric Charts and 
Their Approximate Elevation above Sea Level 


APPROXIMATE ELEVATION 
ISOBARIC SURFACE (mb) (m) (ft) 


400 
4,800 
9,800 
18,400 
30,100 
38,700 
53,200 
67,600 
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FIGURE 10.8 Average 500-mb chart for January. 
Solid lines are contour lines in meters. Dashed lines are 
isotherms in °C. 
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i NEWTON'S LAWS OF MOTION 


Our understanding of why the wind blows stretches 
back through several centuries, with many scientists 
contributing to our knowledge. When we think of the 
movement of air, however, one great scholar stands 
out—Isaac Newton (1642--1727), who formulated sev- 
eral fundamental laws of motion. _ 

Newton’s first law of motion states that an object at 
rest will remain at rest and an object in motion will re- 
main in motion (and travel at a constant velocity 
along a straight line) as long as no force is exerted on 
the object. For example, a baseball in a pitcher’s hand 
will remain there until a force (a push) acts upon the 
ball. Once the ball is pushed (thrown), it would con- 
tinue to move in that direction forever if it were not for 
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the force of air friction (which slows it down), the 
force of gravity (which pulls it toward the ground), 
and the catcher's mitt (which exerts an equal but op- 
posite force to bring it to a halt). Similarly, to start air 
moving, to speed it up, to slow it down, or even to 
change its direction requires the action of an external 
force. This brings us to Newton's second law. 
Newton's second law states that the force exerted on 
an object equals its mass times the acceleration pro- 
duced. In symbolic form, this law is written as 


F= ma. 


From this relationship we can see that, when the mass 
of an object is constant, the force acting on the object is 
directly related to the acceleration that is produced. A 
force in its simplest form is a push or a pull. Accel- 
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FIGURE 10.9 The higher fluid pressure at the bottom of tank A creates 
anet force directed toward the lower fluid pressure at the bottom of tank 
B. This net force causes water to move from higher pressure toward 
lower SES S 
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FIGURE 10.10 The pressure gradient between point 1 and point 2 is 
- 4 mb per 100 km. The net force directed from higher toward lower 
pressure is the pressure gradient force. 7 


eration is the speeding up, the slowing down, or the 
changing of direction of an object. (More precisely, ac- 
celeration is the change of velocity over a penad of 
time.) : 
Because more aom one force may act upon an ob- 


ject, Newpon’ S second law always refers to the Ri or 


*Velocity specifies both the BSS gi an object anal its mido Mion of 
motion. ; 
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total, force that results. An object will always acceler- 
ate in the direction of the total force acting on it. There- 
fore, to determine in which direction the wind will 
blow, we must identify and examine all of the forces 
that affect the horizontal movement of air. These 
forces include: 


pressure gradient force 
Coriolis force 
centripetal force 
friction 


Gg eet) O 


We will first study the forces that influence the flow 
of air aloft. Then-we will see which forces miy 
winds near the ground. 


@ FORCES THAT INFLUENCE THE WINDS ALOFT 


We already know that horizontal differences in atmo- , 


spheric pressure cause air to move and, hence, the 
wind to blow. Since air is an invisible gas, it may be 
easier to see how pressure differences cause motion if 
we examine a visible fluid, such as water. 

In Fig. 10.9, the two large tanks are connected by a 
pipe. Tank A is two-thirds full and tank B is only one- 
half full. Since the water pressure at the bottom of each 
tank is proportional to the weight of water above, the 
pressure at the bottom of tank A is greater than the 
pressure at the bottom of tank B. Moreover, since fluid 
pressure is exerted equally in all directions, there is a 
greater pressure in the pipe directed from tank A to- 
ward tank B than from B toward A. 

Since pressure is force per unit area, there must also 
be a net force directed from tank A toward tank B. This 
force causes the water to flow from left to right, from 
higher pressure toward lower pressure. The greater 
the pressure difference, the stronger the force, and the 
faster the water moves. In a similar way, horizontal 
differences in atmospheric pressure cause air to move. 


PRESSURE GRADIENT FORCE Figure 10.10 shows a re- 


gion of higher pressure on the map’s left side, lower 
‘pressure on the right. The isobars show how the hori- 


zontal pressure is changing. If we compute the amount 
of pressure change that occurs over a given distance, 
we have the pressure gradient: 

difference in pressure | 


Pressure adient = 
gr distance 


Sy 


iy 
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If we let the symbol delta (A) mean “‘a change in,” we 
can simplify the expression and write the pressure 
gradient as 


d 


where Ap is the pressure difference between two 
places some horizontal distance (d) apart. In Fig. 10.10 
the pressure gradient between points 1 and 2 is 4 mb 
per 100 km. 


es = 


Suppose the pressure goes up in the region of high | 


pressure, and the isobar at point 1 becomes 1024 mb. 
This would increase the pressure gradient to 8 mb per 
100 km. If the increment of pressure between each 
isobar remains at 4 mb, then there would be 3 isobars 
over the space of 100 km. The crowding of isobars over 
arelatively small distance is termed a steep (or strong) 
pressure gradient. If the pressure in Fig. 10.10 changes 
such that the isobars are spread more widely apart, 
then the difference in pressure would be small over a 
relatively large distance. This condition is called a 
gentle (or weak) pressure gradient. 
Notice in Fig. 10.10 that when differences in hori- 
zontal air pressure exist there is a net force acting on 
- the air. This force, called the pressure gradient force 
(PGF), is directed from higher toward lower pressure 


at right angles to the isobars. The magnitude of the - 


force is directly related to the pressure gradient. Steep 
pressure gradients correspond to strong pressure gra- 
dient forces and vice versa. Figure 10.11 shows the re- 
lationship between pressure gradient and pressure 
gradient force. 

The PGF causes the wind to blow. Because of this, 
closely spaced isobars on a weather chart indicate 
steep pressure gradients, strong forces, and high 
winds. On the other hand, widely spaced isobars indi- 
cate gentle pressure gradients, weak forces, and light 
winds. tT 

If the PGF were the only force acting upon air, we 
would always find winds blowing directly from 
higher toward lower pressure. However, the moment 
air starts to move, it is deflected in its path by the 
Coriolis force. | | 


CORIOLIS FORCE The Coriolis force describes an ap- 
parent force that is due to the rotation of the earth. To 
understand how it works, consider two people play- 
ing catch as they sit opposite one another on the rim of 
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FIGURE 10.11 The closer the spacing of the isobars, the greater the 
pressure gradient. The greater the pressure gradient, the stronger the 
pressure gradient force (PGF). The arrows represent the relative 
magnitude of the force, which is always directed from higher toward 
lower pressure. 


a merry-go-round (Fig. 10.12, platform A). If the 
merry-go-round is not moving, each time the ball is 
thrown, it moves in a straight line to the other person. 
Suppose the merry-go-round starts turning counter- 
clockwise—the same direction the earth spins as 
viewed from above the North Pole. If we watch the 
game of catch from above, we see that the ball moves in 
a straight-line path just as before. However, to the 
people playing catch on the merry-go-round, the ball 
seems to veer to its right each time it is thrown, always 
landing to the right of the point intended by the 
thrower (Fig. 10.12, platform B). This is due to the fact 
that, while the ball moves in a straight-line path, the 


Apparent path as seen 
by observer on i 
Ball rotating platform P4 
oo 
ZA 7 
Actual path g 


Platform A (non-rotating) Platform B (rotating) 


FIGURE 10.12 On nonrotating platform A, the thrown ball moves in a 
straight line. On platform B, which rotates counterclockwise, the ball 
continues to move in a straight line. However, platform B is rotating 
while the ball is in flight; thus, to anyone on platform B, the ball appears 
to deflect to the right of its intended path. 
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- FOCUS ON AN APPLICATION 


FLYING ON A CONSTANT PRESSURE SURFACE— _ 


HIGH TO LOW, LOOK OUT BELOW 


Aircraft that use pressure altimeters 
typically fly along a constant pressure 
surface rather than a constant altitude 
surface. They do this because the 
altimeter is simply an aneroid barometer 
Calibrated to convert atmospheric 

_ pressure to an approximate elevation. The 
altimeter elevation indicated by an 
altimeter assumes a standard atmosphere 
where the air temperature decreases at 
the rate of 6.5°C/1000 m (3.6°F/1000 ft). 
Since the air temperature seldom, if ever, 
decreases at this rate, altimeters generally 


indicate an altitude different from theirtrue . 


elevation. 

Figure 1 shows a standard column of air 
bounded on each side by air with a 
- different temperature and density. On the 
left side, the air is warm; on the right, it is” 
cold. The heavy dashed line represents a 
constant pressure surface of 700 mb as ' 
seen from the side. In the standard air, the - 
700-mb surface is located at 10,000 ft 
above sea level. E 

In the warm air, the 700-mb surface 
rises; in the cold air, it descends. An 
aircraft flying along the 700-mb surface 


Altimeter 


Altitude (ft) 
Standard air 


Altimeter 
‘indicates 
10,000 ft 


FIGURE1 An aircraft flying along a surface of constant pressure may change altitude as the 
air temperature changes. Without being corrected for the temperature change, a pressure 
altimeter will continue to read the same elevation. 


in the cold air, equal to 10,000 ft in the 
standard air, and greater than 10,000 ft in 
the warmer air. With no corrections for 
temperature, the altimeter would indicate 
the same altitude at all three positions 
because the air pressure does not 
change. We can see that, if no tempera- 
ture corrections are made, an aircraft 
flying into warm air will increase in altitude 
and fly higher than its altimeter indicates. 


plane will read an altitude lower than the 
plane's true elevation. 

Flying from standard air into cold air 
represents a potentially dangerous 
situation. As an aircraft flies into cold air, it 
flies along a lowering pressure surface. If 
no correction for temperature is made, the 
altimeter shows no change in elevation 
even though the aircraft is losing altitude; 


~ hence, the plane will be flying lower than 


the altimeter indicates. This can be a 


would be at an altitude less than 10,000 ft 


merry-go-round rotates beneath it; by the time the ball 
reaches the opposite side, the catcher has moved. To 
anyone on the merry-go-round, it seems as if there is 
some force causing the ball to deflect to the right. This 
apparent force is called the Coriolis force after Gas- 
pard Coriolis, a nineteenth-century French scientist 
who worked it out mathematically. (Because it is an 
apparent force due to the rotation of the earth, it is also 
called the Coriolis effect.) This effect occurs on the 
rotating earth, too. All free-moving objects, such as 
ocean currents, aircraft, artillery projectiles, and air 
molecules seem to deflect from a skeieht line path be- 
cause the earth rotates under them.. 


Put another way: The altimeter inside the 


The Coriolis force causes the wind to deflect to the 


right of its path in the Northern Hemisphere and to the 


left of its path in the Southern Hemisphere.* To illus- 
trate this, consider a satellite in polar circular orbit. If 
the earth were not rotating, the path of the satellite 
would be observed to move directly north-south, 
parallel to the earth’s meridian lines. However, the 
earth does rotate, carrying us and meridians eastward 
with it. Because of this, in the Northern Hemisphere 
we see the satellite moving southwest instead of due 


*The Coriolis force only changes the direction of the wind, not the 
speed of the wind. 


we 


serious problem, especially for planes 
flying above mountainous terrain with 
poor visibility and where high winds and 
turbulence can reduce the air pressure 
drastically. To ensure adequate clearance 
under these conditions, pilots fly their 
aircraft higher than they normally would, 
consider air temperature, and compute a 
more realistic altitude by resetting their 
altimeters to reflect these conditions. 
Even without sharp temperature 
changes, pressure surfaces may dip 
suddenly. This is especially true close to 
the ground (see Fig. 2). An aircraft flying 
into an area of decreasing pressure will 


lose altitude unless corrections are made. 


For example, suppose a pilot has set the 
altimeter for sea level pressure above 
station A. At this location, the plane is 
flying along an isobaric surface at a true 
altitude of 500 ft. As the plane flies toward 
station B, the pressure surface (and the 
plane) dips but the altimeter continues to 
read 500 ft, which is too high. To correct 
for such changes in pressure, a pilot can 
radio the ground station for a current 
altimeter setting. With this additional 
information, the altimeter reading will 
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FLYING ON A CONSTANT PRESSURE SURFACE— 
HIGH TO LOW, LOOK OKOUT BELOW, continued 
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FIGURE 2_ In the absence of horizontal temperature changes, pressure surfaces can dip 
toward the earth's surface. An aircraft flying along the pressure surface will either lose or gain 


altitude depending on the direction of flight. 


more closely match the aircraft's actual 
altitude. Pilots, therefore, periodically 
radio for new altimeter settings while in 


flight and especially when landing. 


Because of the inaccuracies inherent in 
the pressure altimeter, many high 
performance and commercial aircraft are 


- now equipped with a radio altimeter. This 


device is like a small radar unit that 


measures the altitude of the aircraft by 
sending out radio waves, which bounce 


off the terrain. The time it takes these 
waves to reach the surface and retumis a 
measure of the aircraft's altitude. lf used in 
conjunction with a pressure altimeter, a 
pilot can determine the variations in a 
constant pressure surface simply by flying 
along that surface and observing how the 
true elevation measured by the as 
altimeter changes. 


south; it seems to veer off its path and move toward its 
right. In the Southern Hemisphere, the earth’s direc- 
tion of rotation is clockwise as viewed from above the 
South Pole. Consequently, a satellite moving north- 
ward from the South Pole would appear to move 
northwest and, hence, would veer to the left of its 
path. Y 

- The magnitude of the Coriolis force varies with the 
ES of the moving object and the latitude. Figure 
10.13 shows this variation for various wind speeds at 
different latitudes. In each case, as the wind speed in- 
creases, the Coriolis force increases; hence, the 
stronger the wind speed, the greater the deflection. 


Also, note that the Coriolis force increases for all wind 
speeds from.a value of zero at the equator to a 
maximum at the poles. We can see this latitude effect 
better by examining Fig. 10.14. 

Imagine in Fig. 10.14 that there are three planes, 
each at a different latitude and each flying along a 
straight-line path, with no external forces acting on 
them. The destination of each aircraft is due east and is 
marked on the diagram (Fig. 10.14a). Each plane trav- 
els in a straight path relative to an observer posi- 
tioned at a fixed spot in space. The earth rotates be- 
neath the moving planes, causing the destination 
points at latitudes 30° and 60° to change direction 
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0.30 than on the plane at low latitudes (small deviation). 
On the equator, it has no effect at all. The same is true 
of its effect on winds. 


0.25 In-summary, to an observer on the earth, objects 
moving in any direction (north, south, east, or west) 
z are deflected to the right of their intended path in the 
0.20 Northern Hemisphere and to the left of their intended 
g path in the Southern Hemisphëig, The amount of de- 
S l flection depends upon: 
2. 0.15 ! 
E 1. the rotation of the earth 
O 2. the latitude 
0.10 3. the object's speed* 
In addition, the Coriolis force acts at right angles to the 
wind, only influencing wind direction and never 
0.05 wind speed. 
The Coriolis “force” behaves as a real force, ton- 
stantly tending to “pull” the wind to its right in the 
Northern Hemisphere and to its left in the Southern 
> Sa ee ` sE e E Hemisphere. Moreover, this effect is present in all mb- 
Latitude tions relative to the earth's surface. However, in most 
FIGURE 10.13 The relative variation of the Coriolis force at different of our everyday experiences, the Coriolis force is Pe 
latitudes with different wind speeds. small that it is negligible and, contrary to popular bê- 
r lief, does not cause water to turn clockwise or counter- 
slightly (to the observer in space) (Fig. 10.14b). To an asa = | E ; 
observer standing on the earth, however, it is the plane *These three BLO are grouped together and shown in the ex- 
that appears to deviate. The amount of deviation is pression 
greatest toward the pole and nonexistent at the Coriolis force = 2mOVsin Q, 
equator. Therefore, the Coriolis force has a far greater where m is the object’s mass, Q is the earth’s angular rate of spin (a 
effect on the plane at high latitudes (large deviation) constant), V is the speed of the object, and ¢ is the latitude. 
ail | | © NP 
j á =D S > 
Bit > 
EIEN ‘a AL + Large deviation 
Y Aircraft's ) 
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FIGURE 10.14 Exceptatihe equator, afree-moving object heading either east or west (or any other 
direction) will appear from the earth to deviate from its path as the earth rotates beneath it. The 
deviation (Coriolis force) is greatest at the poles and decreases to zero at the equator. 


S 


clockwise when draining from a sink (the shape of the 
sink actually plays a much larger role). The Coriolis 
force is also minimal on small-scale winds, such as 
those that blow inland along coasts in summer. Only 
where winds blow over vast regions is the effect sig- 
nificant. 


E WIND FLOW ALOFT 


We now know that the pressure gradient force is the 
driving force behind the wind and that the Coriolis 
force influences wind direction only. Let’s examine 
these two factors to see how they produce the ob- 
served flow of air aloft. We will look at the wind flow 
above the friction layer—a level typically 1000 m 
(3300 ft) above the ground. (The friction layer is dis 


cussed in detail in Chapter 11.) i 


GEOSTROPHIC WIND Figure 10.15 shows a map of the 
Northern Hemisphere, with horizontal pressure vari- 
ations at an altitude of about 1 km. The evenly spaced 
_isobars indicate a constant pressure. gradient force 
(PGF) directed from south toward north as indicated 
by the arrow at the left. Why, then, does the map show 
a west wind? We can answer this question by placinga 
parcel of air at position 1 inthe diagram and watching 
its behavior. 

At position 1, the PGF acts immediately upon the 
parcel, accelerating it northward toward lower pres- 
sure. However, the instant the air begins to move, the 
Coriolis force deflects the air toward its right, curving 
its path. As the parcel of air increases in speed (posi- 
tions 2, 3, and 4), the magnitude of the Coriolis force 
increases (as shown by the longer arrows), bendingthe 
wind more and more to its right. Eventually, the wind 
speed increases to a point where the Coriolis force just 
balances the PGF. At this point (position 5), the wind 
no longer accelerates because the net force is zero. 
Here the wind flows in a straight path, parallel to the 
isobars at a constant speed.* This flow of airis called a 


* At first, it may seem odd that the wind blows at a constant speed — 


with no net force acting on it. But when we remember that the net 
force is necessary only to accelerate (F = ma) the wind, it makes 
more sense. For example, it takes a considerable net force to push a 
car and get it rolling from rest. But once the car is moving, it only 
takes a force large enough to counterbalance friction to keep it 
going. There is no net force acting on the car, yet it rolls along at a 
constant speed. i 
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Geostrophic 
wind 


FIGURE 10.15 Above the level of friction, air initially at rest will 
accelerate untilit flows parallel to the isobars at asteady speed with the 
pressure gradient force (PGF) balanced by the Coriolis force (CF). Wind 
blowing under these conditions is called geostrophic. 


geostrophic (geo: earth; strophic: turning) wind. 
Notice that the geostrophic wind blows in the North- 
ern Hemisphere with lower pressure to its left and 
higher pressure to its right. 
When the flow of air is purely geostrophic, the iso- 
bars are straight and evenly spaced, and the wind 
speed is constant. In the atmosphere, isobars are rarely 
straight or evenly spaced, and the wind normally 
changes speed as it flows along. So, the geostrophic 
wind is usually only an approximation of the real 
wind. However, the approximation is generally close 
enough to help us more clearly understand the be- 
havior of the winds aloft. 

The speed of the geostrophic wind is directly re- 
lated to the pressure gradient. In Fig. 10.16, we can see 
that a geostrophic wind flowing parallel to the isobars 
is similar to water in a stream flowing parallel to its 
banks. At position 1, the geostrophic wind is blowing 
at a low speed; at position 2, the gradient increases and 
the wind speed picks up. Therefore, strong pressure 
gradients correspond to strong geostrophic winds; 
weak pressure gradients to weak geostrophic winds; 
and where there is no pressure gradient there is no 
wind. (A more mathematical approach to this concept 
is given in the Focus section on p. 254.) 

In Fig. 10.17, we can see that the geostrophic wind 
direction can be determined by studying the orienta- 


tion of the isobars; its speed can be estimated from the 


spacing of the isobars. On an isobaric chart, the geo- 
strophic wind direction and speed are related in a 
similar way to the contour lines. Therefore, if we know 
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We know from an earlier discussion that 
the geostrophic wind gives us a good 
approximation of the real wind above the 
level of friction, about 500 to 1000 m 
above the earth’s surface. Above the 
friction layer, the winds blow more or less 
parallel to the isobars, or contours. We 
know that, for any given latitude, the 
speed of the geostrophic wind is 


proportional to the pressure gradient. its : 


may be represented as: 


where V, is the geostrophic wind and Ap 
is the pressure difference between two 

_ places some horizontal distance (d) apart. 
’ From this, we can see that the greater the 
pressure gradient, the stronger the 
geostrophic wind. 

When we consider a unit mass of 

~ moving air, we must take into account the 
air density (mass per unit volume). 
expressed by the symbol p. The 
geostrophic wind is now directly 
proportional to the pressure gradient 
force: _ 


. We can see from this expression that, 
with the same pressure gradient (at the 
same latitude), the geostrophic wind will 
increase with increasing elevation 
because air density decreases with 
height. 

In a previous section, we saw that the 
geostrophic wind represents a balance of 


- forces between the Coriolis force and the 


pressure gradient force. Here, it should be 
noted that the Coriolis force can be : 
expressed as 


Coriolis force = 20Vsin 9, © 


where Q is the earth's angular spin (a 
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- FOCUS ON AN ADVANCED TOPIC 


A MATHEMATICAL LOOK AT THE GEOSTROPHIC WIND 


constant), Vis the speed of the wind, and 
dis the latitude. The sin y is atrigonomet- 
ric function that takes into account the 
variation of the Coriolis force with latitude. 
Atthe equator (0°) sin ois O, at 30° latitude 
sin ġ is 0.5, and, at the poles (90°), sin Y 
is 1. l 
` This balance between the Coriolis force 
and the pressure gradient force can be 
written as 
CF = PGF 
S Ap 
20V, sind = — A 


Solving for V¿, the geostrophic wind, the 
equation becomes 


yop dla! =s 2 Y (1) 
20sindp  d 
Customarily, the rotational (20) and 


latitudinal (sin $) factors are combined 
into a single value f, called the Coriolis 


parameter. Thus, we have the geostrophic 


wind equation written as 

i q. A | 
Y sae (2) 
A 7 


Suppose we compute the geostrophic 
wind for the example given in Fig. 3. Here 
the wind is blowing parallel to the isobars 
in the Northern Hemisphere at latitude 
40°. The spacing between the isobars is 
200 km and the pressure difference is 4 
mb. The altitude is 5600 m above sea 
level, where the air temperature is —25°C 
(— 13°F) and the air density is 0.70 kg/m». 


First, we list our data and put them inthe — 


proper units: 

Ap = 4mb = 400 newtons/m? 
d= 200 km =2 x 10°m 

sin $ = sin(40°) = 0.64 


500 
40°N | 2001 N, Va — 


FIGURE3 A portion of an upper-air chart 
for part of the Northern Hemisphere at an 


` altitude of 5600 m above sea level. The lines 


on the chart are isobars where 500 equals 
500 mb. The air temperature is —25°C and 
the air density is 0.70 kg/m’. 


p= 0.70 kg/m? 
2Q = 14.6 x 10-5 radians/sec.* 


When we use equation (1) to compute 
the geostrophic wind, we obtain 


1 Ap 
Ue 
20 sindp d- 
y 400: 
I 44.6x10* x 0.64 x 0.70 


x 2 x10° 
Vg = 30.6 m/sec, or 59.4 knots. 


*The rate of the earth's rotation (Q) is 360° in - 
one day, actually a sidereal day consisting of 
23 hr, 56 min, 4 sec, or 86,164 seconds. 
This gives a rate of rotation of 4.18 x 107? 
degree per second. Most often, Q is given in 
radians, where 27 radians equals 360° (m = 
3.14). Therefore, the rate of the earth’s 
rotation can be expressed as 

2a radians/86,164 sec, or 7.29 x 107° 
radian/sec, and the constant 202 becomes 
14.6 x 10? radian/sec. 
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FIGURE 10.16 Theisobarsand contours onan upper-level chart are like the banks along a flowing 
stream, When they are widely spaced, the flow is weak: when they are narrowly spaced, the flow is 


stronger. 


the isobar or contour patterns on an upper-level chart, 
we also know the direction and relative speed of the 
-geostrophic wind, even for regions where no direct 
wind measurements have been made. Similarly, if we 
know the geostrophic wind direction and speed, we 
can estimate the orientation and spacing of the iso- 
bars, even if we don’t have a current weather map. (Itis 
also possible to estimate the wind flow and pressure 
patterns aloft by watching the movement of clouds. 
The Focus section on p. 258 illustrates this further.) 
Thus far, we have seen that the winds aloft do not al- 
ways blow in a straight line; frequently, they curve 


(b) Wind pattern 


(a) Isobar or 


FIGURE 10.17 By observing the orientation and spacing of the 
isobars (or contours) in diagram a, the geostrophic wind direction and 
speed can be determined for diagram b. 


and bend into meandering loops as they tend to follow 
the patterns of the isobars. In the Northern Hemi- 
sphere, winds blow counterclockwise around lows 
and clockwise around highs. The next section ex- 
plains why. 


WINDS AROUND LOWS AND HIGHS Look at the wind 
flow around the upper-level low (Northern Hemi- 
sphere) in Fig. 10.18a. At first it appears as though the 
wind is defying the Coriolis force by bending to the left 
as it moves counterclockwise around the system. Let’s 
see why the wind blows in this manner. 


Cyclonic flow 


Anticyclonic flow 


850 mb 
m 


got ms 


l, 
e Air parcel 
(a) Low pressure area (cyclone) (b) High pressure area 
(anticyclone) 


FIGURE 10.18 Winds and related forces around areas of low and high 
pressure above the friction level in the Northern Hemisphere. 
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Suppose we consider a parcel of air initially at rest 
at position 1. The PGF accelerates the air inward to- 
ward the center of the low and the Coriolis force de- 
flects the moving air to its right, until the air is moving 
parallel to the isobars at position 2. If the wind were 
geostrophic, at position 3 the air would move north- 
ward parallel to straight-line isobars at a constant 
speed. The wind is blowing at a constant speed, but 


parallel to curved isobars. A wind that blows at a con-. 


stant speed parallel to curved isobars above the level 
of frictional influence is termed a gradient wind. 
Earlier in this chapter we learned that an object ac- 


_celerates when there is a change i in its speed or direc- .. 


tion (or both). Therefore, the gradient wind blowing 


around the low-pressure center is constantly accel- . 


erating because it is constantly changing direction. 
This acceleration, called the centripetal acceleration, 


is directed at right angles to the wind, inward toward | 


the low'center. | 
Remember from Newton’s second law that, if an ob- 


ject is accelerating, there must be a net force acting on’ 


it. In this case, the net force acting on the wind must be 
directed toward the center of the low, so that the air 
will keep moving in a circular path. This inward- 
directed force is called the centripetal force* (centri: 
center; petal: to push toward) and results from an im- 
balance between the Coriolis force and the pressure 
gradient force.t 


Again, look closely at position 3 (Fig. 10.18a) and | 


observe that the inward-directed PGF is greater than 


the outward-directed Coriolis force (CF). The differ- -| 
of the wind is directly related to the magnitude of the 


ence between these two forces—the net force—is the 


inward-directed centripetal force. In Fig. 10.18b, the- 


wind around the high blows clockwise around its 
center. To keep the wind blowing in a circle, the 
inward-directed Coriolis force must be greater in mag- 
nitude than the outward-directed PGF, so that the cen- 
tripetal force (again, the net force) i is directed inward. 


*The magnitude of the centripetal { force i is related to the wind ve- 
locity (V) and the radius of the wind’s path 0 ES the formula 


EA 
Centripetal force = Es 


Where wit Neen are light and Ten is little curvature ü 


radius), the centripetal force is weak and, compared to other forces, `. 


may be considered insignificant. However, where the wind is. 


strong and blows in a tight curve (small radius), as in the case of tor- 
nadoes and tropical hurricanes, ES centripetal force is large and 
becomes quite important. ; 
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In the Southern Hemisphere, the PGF starts the air 
moving and the Coriolis force deflects it to the left, 
thereby causing the wind to blow clockwise around 
lows and counterclockwise around highs. 

Near the equator, where the Coriolis force is mini- 


mum, winds may blow around intense tropical storms 


with the centripetal force being almost as large as the 
PGF. In this type of flow, the Coriolis force is consid- 
ered negligible, and the wind is called cyclostrophic. 
- So far we have seen how winds blow in theory, but 
how do they appear on an actual map?’ 


WINDS ON UPPER-LEVEL CHARTS Figure 10.19 shows a 
500-mb chart with contour lines (heavy lines), 
isotherms (dashed lines), and winds for September 5, 
1978. As we would expect at this level, the regions of 
lowest elevations (lowest pressures) are associated 
with the coolest air, and the highest elevations (high- 
est pressures) with the warmest air. As an example, 
compare the cold —25°C isotherm within the low off 
the Washington-Oregon coast with the relatively 
warm —10°C isotherm within the tidge over the south 
Alaska coast. 

The wind directions on the map are given by lines 


that parallel the wind. The wind speeds are indicated 


by barbs and flags: Half a barb ( ; ) indicates a 5-knot 
wind; a full barb ( | ), a 10-knot wind, and a flag ( [), a 
50-knot wind. (Additional wind entries are given in 
Appendix B.) Note that the wind generally blows 
parallel to the contour lines, counterclockwise around 
the lows and clockwise around the highs. The strength 


+In some cases, it is more convenient to express the centripetal 


force (and the centripetal acceleration) as the centrifugal force, an 


` apparent force that is equal in magnitude to the centripetal force, 


but directed outward from the center of rotation. The gradient wind 
is then described as a balance of forces between the centrifugal 
force 

y? 

aa 

the pressure gradient force 

1 Ap, l 

p d: 
and the Coriolis force 2QV sin $. Under these conditions, the gra- 
dient wind equation is expressed as . 

Vig 1 Ap 


— +- — + 20V sind = 
r pd `- 


FIGURE 10.19 The 500-mb chart for 
September 5, 1978. Solid lines are contours 
(meters above sea level). Dashed lines are ʻi 
isotherms in °C. 
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contour gradient. (This has the same meaning as the 
pressure gradient.) Observe the close spacing of the 
contour lines over the New England states and the cor- 
responding high winds. In the high-pressure center, 
where gradients are weak, the winds are light. 

In a region where the winds blow in a west-east 
direction, paralleling lines of latitude, the wind flow is 


termed zonal. The winds in Fig. 10.19 are approxi- — 


mately zonal from south-central Canada to the eastern 
Canadian coastline. Because the winds aloft generally 
blow from west to east, planes flying in this direction 
have a beneficial tail wind, explaining why a flight 
from San Francisco to New York City takes about 30 
minutes less than the return flight. If the flow aloft is 
zonal, clouds, storms, and surface anticyclones tend 
to move rapidly from west to east. ¡ 

When the wind flows in large, looping meanders, 
following a more north-south trajectory paralleling 


the meridian lines, the flow is termed meridional. 
Meridional flow can be seen in Fig. 10.19 along the 
west coast of North America. Here, cold polar air is 
brought down on the western side of the low as warm 
tropical air moves north ahead of it. During periods of 
meridional flow, surface storms tend to move slowly, 
often intensifying into major storm systems. (Chapter 
14 details this topic.) 

Moving from south to north, we can see that the con- 
tour lines decrease in elevation. We expect this, since 
the average air temperature is warmer to the south 
than it is farther north. Where horizontal temperature 
contrasts are large, there are also large height gradients 
and strong winds. We can also see that when the flow 
is zonal, cold air and lower heights are observed to the 
north of the wind. Where there is meridional flow, 
however, there is a gradient of height as well as tem- 
perature that runs in a west-east direction. Notice the 
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FOCUS ON AN OBSERVATION 


-Both the geostrophic wind direction and 
the orientation of the isobars aloft can be 
estimated by observing middle- and 
high-level clouds from the earth’s surface. 
Suppose, for example, we are in the 
Northern Hemisphere watching clouds 

directly above us move from southwest to - 
northeast at an elevation of 3000 m (see 
Fig. 4a). This indicates that the geo- 
strophic wind at this level is southwesterly. 
Looking downwind, the geostrophic wind 
blows parallel to the isobars with lower 
pressure on the left and higher pressure 
on the right. Thus, if we stand with our 
backs to the direction from which the 
clouds are moving, lower pressure aloft 
will always be to our left and higher 

. pressure to our right. From this observa- 
tion, we can draw a rough upper-level 

~ Chart (Fig. 4b), which shows isobars and 
wind direction for an elevation of 

“approximately 3000 m.  - ; ; 
-+ - The isobars aloft will not continue in a 


_ change in height and temperature when moving east- 


ward from the Washington coast to the tip of northern 

Idaho. In general, the north-south temperature gra- 
dient is strongest in winter. This is why the winds 
aloft are usually much stronger in winter than in 
summer. i j 


E SURFACE WINDS 


Winds on a surface weather map do not blow exactly 


parallel to the isobars; instead, they cross the isobars, - 


moving from higher to lower pressure. The reason for 
this behavior is friction. — = 
In Fig. 10.20a, the wind aloft is blowing at a level 
above the frictional influence of the ground. At this 
level (typically above 1000 meters), the wind is ap- 
proximately geostrophic and blows parallel to the iso- 


FIGURE 4 This drawing of a simplified upper-level chart is based on cloud observations. 
Upper-level clouds moving from the southwest (a) indicate isobars and winds aloft (b). When 
extended horizontally, the upper-level chart appears as in (c), where lower pressure is to the 
northwest and higher pressure is to the southeast. 


rather, they will often bend into wavy 
patterns. We may Carry our observation 
one step farther, then, by assuming a 
bending of the lines (Fig. 4c). Thus, with a 
southwesterly geostrophic wind aloft, a. 
southwest-northeast direction indefinitely; trough oflow pressure willbe found to our 
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ESTIMATING WIND DIRECTION AND PRESSURE PATTERNS ALOFT 


Isobars 


AA 


west and a ridge of high pressure to our 
east. What would be the pressure pattem 
ifthe winds aloft were blowing from the 
- northwest? Answer: A trough would be to 
"the east and a ridge to the west. * 


- bars, with the PGF on its left balanced by the Coriolis 


force on its right. At the earth’s surface, the same pres- 


‘sure gradient will not produce the same wind speed, 


and the wind will not blow in the same direction. 
Near the surface, friction reduces the wind speed, 
which in turn reduces the Coriolis force. Conse- 
quently, the weaker Coriolis force no longer balances 
the PGF, and the wind blows across the isobars toward 
lower pressure. The PGF is now balanced by the sum 
of the frictional force and the Coriolis force. Therefore, 
in the Northern Hemisphere, we find surface winds 


‘blowing counterclockwise and into a low; they flow 


clockwise and out of a high (Fig. 10.20b). 

In the Southern Hemisphere, winds blow clockwise 
and inward around surface lows; counterclockwise 
and outward around surface highs. See the surface 
weather map and the general wind flow pattern on De- 
cember 20, 1971, for South America (Fig. 10.21). 
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FIGURE 10.20 The effect of surface friction 
is to slow down the wind so that, near the 
ground, the wind crosses the isobars and 


blows toward lower pressure. This phenome- EGOS 
non produces an outflow of air around a high 
and an inflow around a low. 

© 

O 

a 

T 


O meters 


(a) (b) Surface map 
Northern Hemisphere 


In Fig. 10.20a, the angle (a) at which the wind near 30°. T his angle also depends on the wind speed. 
crosses the isobars to a large degree depends upon the Typically, ‘the angle is smallest for high winds and 
roughness of the terrain. Everything else being equal, laiga" ior gentle b eezes. As we move upward through 
the rougher the surface, the larger the angle. Over hilly the riction layer, the wind becomes more and more 
land, for example, the angle might average between parallel to the isobars. 
35° and 40°, while over an open body of relatively So far, we have seen that, because of friction, surface 
smooth water it may average between 10° and 15°. Tak- winds move more slowly than geostrophic winds with 
ing into account all types of surfaces, the average is the same pressure gradient. Surface winds also blow 


FIGURE 10.21 Surface weather map showing isobars and winds on 
December 20, 1971, in South America. The boxed area shows the 
idealized flow around surface pressure systems in the Southern 
Hemisphere. 
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Surface wind 


(b) Surface 


FIGURE 10.22 Inthe Northern Henhisphere, if you stand with the wind aloft at your back, lower 
pressure aloft will be to your left and higher pressure to your right (a). At the surface, the same 
relationship holds if, with your back to the surface wind, you turn clockwise about 30° (b). 


across the isobars toward lower pressure. The angle at 
which the winds cross the isobars depends upon sur- 
face friction, wind speed, and the height above the sur- 
face. As we have seen, if we stand with the wind aloft 
to our backs, lower pressure will be to our left and 
higher pressure to our right in the Northern Hemi- 


sphere. The same rule applies to the surface wind but | 


with a slight modification due to the fact that here the 
wind crosses the isobars. Look at Fig. 10.22b and 


Divergence Convergence 
AN DNY 
SANT i= 


| 
| 
I| 
[| 


Convergence f 


ESTA 
Surface Map 


FIGURE 10.23 Winds and air motions associated with surface highs 
and lows i in the Northern Hemisphere. 


di y , 
notice that, at the surface, if we stand with our backs to 


the wind, then turn clockwise about 30°, lower pres- 
sure will be to our left. (In the Southern Hemisphere, if 
we stand with our backs to the wind, then turn coun- 
terclockwise about 30°, lower pressure will be to our 


right.) This relationship between wind and pressure is. 


often called Buys-Ballot's Law, after the Dutch mete- 
orologist Christoph Buys-Ballot (1817-1890), who 


. formulated it. 


=E WINDS AND VERTICAL AIR MOTIONS 


Up to this point, we have seen that surface winds blow 


in toward the center of low pressure and outward 


away from the center of high pressure. As air moves in- 
ward toward the center of a low pressure area (Fig. 
10.23), it must go somewhere. Since this converging 


air cannot go into the ground, it slowly rises. Above : 


the surface low (at about 6 km or so), the air begins to 
diverge (spread apart) to compensate for the converg- 
ing surface air. As long as the upper-level diverging air 
balances the converging surface air, the central pres- 
sure in the low does not change. However, the surface 
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THE HYDROSTATIC EQUATION 


Air is in hydrostatic equilibrium when the 
upward-directed pressure gradient force 
is exactly balanced by the downward 
force of gravity. Figure 5 shows air in 
hydrostatic equilibrium. Since there is no 
net vertical force acting on the air, there is 
no net vertical acceleration, and the sum 
of the forces is equal to zero. This is 
represented by: 


PGE AI O 


Altitude (z) 


equilibrium. 


where p is the air density, Ap is the 
decrease in pressure along a small 
change in height (Az), and gis the force of 
gravity. This expression is usually given as 


Ap 


Ap = —pg Az, 


Lower pressure 


Higher pressure 


: FIGURE5 When the vertical pressure 
gradient force (PGF) is in balance with the :: 
force of gravity (g), the air is in hydrostatic * 


that, as the air pressure decreases, the 
height increases. When the hydrostatic 
equation is given as 
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PGF surface a 1000-meter-thick layer of air 

“(under standard conditions) has an 
average density of 1.1 kg/m? and an 
acceleration of gravity of 9.8 m/sec’. 
Therefore, we have: 


Isobaric j 
p = 1.1 kg/m? 
g = 9.8 m/sec? 
Az = 1000 m (This is the height 
difference from the surface [O 
meters] to an altitude of 1000 m.) 


g surfaces 


Using the hydrostatic equation to 
compute Ap, the difference in pressure in 
a 1000-meter-thick layer of air, we obtain: 


Ap = pg Az 
Ap = (1.1) (9.8) (1000) 
Ap = 10,780 newtons/m’. 


Since 1 mb = 100 newtons/m’, 


pared: 


This equation is called the hydrostatic 
equation. The hydrostatic equation tells 
us that the rate at which the pressure 


density times the acceleration of gravity 


decreases with height is equal to the air 


(where pg is actually the force of gravity 


it tells us something important about the 


"atmosphere that we learned earlier: The 


air pressure decreases more rapidly with 
height in cold (more dense) air than it does 
in warm (less dense) air. In addition, we 
can use the hydrostatic equation to 


- determine how rapidly the air pressure 


decreases with increasing height above 
the surface. For example, suppose at the 


Ap = 108 mb. 


Hence, air pressure decreases by about 
108 mbinastandard 1000-meterlayerof  . 
air near the surface. This closely _ 

approximates the pressure change of 10 


` mb per 100 meters we used in converting 


station pressure:to sea level pressure 
earlier in this chapter. 


per unit volume). The minus sign indicates 


pressure will change if upper-level divergence and 
surface convergence are not in balance. For example, 
if upper-level divergence exceeds surface conver- 
gence, the central pressure of the low will decrease, 
and isobars around the low will become more tightly 
packed. This increases the pressure gradient (and, 
hence, the pressure gradient force), which, in turn, in- 
creases the surface winds. oie 

Surface winds move outward (diverge) away from 
the center of a high pressure area. To replace this later- 
ally spreading air, the air aloft converges and slowly 


descends (Fig. 10.23). Again, as long as upper-level . 


converging air balances surface diverging air, the cen- 
tral pressure in the high will not change. (Convergence 
and divergence of air are so important to the develop- 
ment or weakening of surface pressure systems that 


we will examine this topic again when we look more 


closely at the vertical structure of pressure systems in 
Chapter 14.) 

The rate at which air rises above a low or descends 
above a high is small compared to the horizontal 
winds that spiral about these systems. Generally, the 
vertical motions are usually only about several cen- 
timeters per second, or about 1.5 kilometers per day. 


262 E 


Earlier in this chapter we learned that air moves in 
response to pressure differences. Because air pressure 
decreases rapidly with increasing height above the 
surface, there is always a strong pressure gradient 


force (PGF) directed upward. Why, then, doesn’t the 


air rush off into space? 

Air does not rush off into space because the upward- 
directed PGF is nearly always exactly balanced by the 
downward force of gravity. When these two forces are 
in exact balance, the air is said to be in hydrostatic 
equilibrium. When air is in hydrostatic equilibrium, 


there is no net vertical force acting on it, and so there is . 
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no net vertical acceleration. Most of the time, the at- 
mosphere approximates hydrostatic balance, even 
when air slowly rises or descends at a constant speed. 
However, this balance does not exist in violent thun- 
derstorms and tornadoes, where the air shows appre- 
ciable vertical accelerations. But these occur over rela- 
tively small vertical distances, considering the total 
vertical extent of the atmosphere. (A more mathemati- 
cal look at hydrostatic equilibrium, expressed by the 
hydrostatic equation, is given in the Focus section on 
p. 261.) 


This chapter has given us a broad view of how and 
why the wind blows. We examined constant pressure 
charts and found that low heights correspond to low 
pressure and high heights to high pressure. In regions 
where the air aloft is cold, the'air pressure is normally 
lower than average; where the air aloft is warm, the air 
pressure is normally higher than average. Where hori- 


zontal variations in temperature exist, there is a cor- . 
responding horizontal change in pressure. The differ- 


ence in pressure establishes a force, the pressure gra- 
dient force (PGF), which starts the air moving from 
higher toward lower pressure. | s 

Once the air is set in motion, the Coriolis force 
bends the moving air to the right of its intended path in 
the Northern Hemisphere and to the left in the South- 
ern Hemisphere. Above the level of surface friction, 
the wind is bent enough so that it blows nearly parallel 
to the isobars, or contours. Where the wind blows ina 


straight-line path, and a balance exists between the 


PGF and the Coriolis force, the wind is termed geo- 


strophic. Where the wind blows parallel to curved 
isobars (or contours), the centripetal acceleration be- 
comes important, and the wind is called a gradient 
wind. 
The interaction of the forces causes the winds aloft 
in the Northern Hemisphere to blow clockwise around 
regions of high pressure and counterclockwise around 
areas of low pressure. In the Southern Hemisphere, 
the winds aloft blow counterclockwise around highs 
and clockwise around lows. The effect of surface fric- 
tion is to slow down the wind. This causes the surface 


. air to blow across the isobars from higher pressure to- 
: ward lower pressure. Consequently, in both hemi- 


spheres, surface winds blow outward, away from the 


center of a high, and inward, toward the center of a 
low. 
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M KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


station pressure 
sea level pressure 


isobars centripetal acceleration 
constant height chart centripetal force 
constant pressure (isobaric) chart zonal flow 

contour lines (on isobaric charts) meridional flow 


pressure gradient 
pressure gradient force (PGF) 
Coriolis force ` / 


gradient wind 


. QUESTIONS FOR REVIEW 


. Explain how sea level pressure differs from station 


pressure. i 


. Why must pressure measurements be made at the 


same time of day if they are to be compared? 


. What do Newton’s first and second laws of motion 


tell us? 


. Explain why: 


(a) In the Northern Hemisphere, the average 
height of contour lines on an upper-level isobaric 
chart tend to decrease northward.. - 

(b) Upper-level winds generally blow from the 
west. 


. What initially sets the air in motion? 
. Explain how each of the following influences the 


Coriolis force: (a) rotation of the earth; (b) wind 
speed; (c) latitude. 


. Explain how the wind aloft can be strong when the 


horizontal pressure gradient force just balances 
the Coriolis force. 


. Why would you not expect to observe a geo- 


_ strophic wind at the equator? | 


10. 


. How does gradient flow differ from geostrophic 


flow? 

Describe how the wind blows around highs and 
lows aloft and near the surface (a) in the Northern 
Hemisphere and (b) in the Southern Hemisphere. 


geostrophic wind 


Buys-Ballot’s Law 
hydrostatic equilibrium 
hydrostatic equation 


What are the forces that affect the horizontal 


- movement of air? . 


12. 


13. 


14. 


15. 


What factors influence the angle at which surface 
winds cross the isobars? l | 
How does Buys-Ballot's Law help to locate regions 
of high and low pressure aloft and at the surface? 
Describe the type of air motions (upward or down- 
ward) associated with high and low pressure 
areas. ay 
The change in pressure over a given vertical dis- 
tance near the surface is often 10,000 times greater . 
than the horizontal pressure changes over the 
same distance. Yet, the air seldom accelerates up- 
ward. Why not? 


Œ QUESTIONS FOR THOUGHT 


1. 


A station 300 m above sea level reports a station 
pressure of 994 mb. What would be the sea level 
pressure for this station, assuming standard atmo- 
spheric conditions? If the observation were taken 
on a hot summer afternoon, would the sea level 
pressure be greater or less than that obtained dur- . 
ing standard conditions? Explain. 


. Pilots often use the expression “high to low, look 


out below.” In terms of upper-level temperature 
and pressure, explain what this can mean. 
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3. 


D. 


Suppose an aircraft using a pressure altimeter flies 
.along a constant pressure surface from standard 
temperature into warmer-than-standard air with- 
out any corrections. Explain why the altimeter 
would indicate an altitude lower than the air- 
craft's true altitude. 


. With the aid of a diagram, explain this relation- 


Ship: Aloft, high and low altitudes on a constant 


S 


= 


>=) 


10 


11. 


pressure chart represent high and low pressures 
on a constant height chart. . Fara 
If the earth were not rotating, how would the wind 
-blow with respect to centers. of high-and-low 
‘pressure? 


. Why are surface winds that blow over the ocean 


_closer to being geostrophic than those that blow 
over the land? 

If the wind aloft is blowing parallel to curved 
isobars, with the horizontal. pressure gradient 
force being of greater magnitude than the Coriolis 
force, would the wind flow be cyclonic or anticy- 
clonic? In this example, what would be the rela- 
tive magnitude of the centripetal force, and how 
would it be directed? 


. With your present outside surface wind, use Buys- 


Ballot’s law to determine where regions of surface 
high- and low-pressure areas are located. If clouds 
are moving overhead, use the relationship to lo- 
cate regions of higher and lower pressure aloft. 


If you live in the Northern Hemisphere and a re- 


gion of surface low pressure is directly west of 
you, what would probably be the surface wind di- 
rection at your home? If an upper-level low is also 
directly west of your location, describe the prob- 
able ‘wind direction aloft and the direction in 
which middle-type clouds would move. How 
would the wind direction and speed change from 
the surface to where the middle clouds are lo- 
cated? 


. In the Northern Hemisphere, you observe surface 


winds shift from N to NEto E, then to SE. From this 
observation, you determine that a west-to-east 
moving high-pressure area (anticyclone) has 
passed north of your location. Describe how you 
were able to come to this conclusion. S 
The Coriolis force causes winds to deflect to the 
right of their intended path in the Northern Hemi- 
sphere, yet around a surface low-pressure area 
winds blow counterclockwise, appearing to bend 
to their left. Explain why. 
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12. Why is it that, on the equator, winds may blow 


either counterclockwise or clockwise with respect 
to an area of low pressure? 


PROBLEMS AND EXERCISES 


1. Suppose you are in the Northern Hemisphere 
.. watching altocumulus clouds 4000 m (13,000 ft) 


above you drift from the northeast. Draw the orien- 
tation of the isobars above you. Locate and mark re- 


. gions of lowest and highest pressure on this map. 


Finish the map by drawing isobars and the upper- 
level wind flow pattern hundreds of kilometers in 
all directions from your position. Would this type 
of flow be zonal or meridional? Explain. 


. The map you see on this page is a sea level pressure 


chart (Northern Hemisphere), with isobars drawn 
for every 4 mb. Answer the following questions, 
which refer to this map. 


(a) What is the lowest possible pressure in whole | 


millibars that there can be in the center of the closed 
low? What is the highest pressure possible? 

(b) Place a dashed line through the tidge and a dot- 
ted line through the trough. | 

(c) What would be the wind direction at point A 
and at point B? 

(d) Where would the stronger wind be blowing, at 
point A or B? Explain. 

(e) Compute the pressure gradient between points 
1 and 2, and between points 3 and 4. How do the 


Aaa 
Kilometers O 400 800 


computed pressure gradients relate to the pressure 
gradient force? 


(£) If point A and point B are located at 30°N, and if 


the air density is 1.2 kg/m’, compute the geos- 
trophic wind at point A and point B. (Hint: Be sure 
to convert km to m and mb to newton/m?, where 1 
mb = 100 N/m?.) 

(g) Would the actual winds at point A and point B 
be greater than, less than, or equal to the wind 
speeds computed in problem f? Explain. 

. (a) Suppose the atmospheric pressure at the bottom 
of a deep air column 5.6 km thick is 1000 mb. If the 
average air density of the column is 0.91 kg/m’, and 
the acceleration of gravity is 9.8 m/sec?, use the hy- 
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drostatic equation to determine the atmospheric 
pressure at the top of the column. (Hint: Be sure to 
convert km to m and mb to newtons/m?, where 
1 mb = 100 N/m?.) ~ | 

(b) If the airin the column of problem (a) becomes 
much colder than average, would the atmospheric 
pressure at the top of the new column be greater 
than, less than, or equal to the pressure computed 
in problem a? Explain. 

(c) Determine the atmospheric pressure atthe top of 
the air column in problem a if the air in the column 
is quite cold and has an average density of 0.97 
kg/m?. 


A rotating column of wind—a dust devil—lifts sand A dust high above this Arizona desert. 


Localized winds such as these typically form in clear weather when it is hot and dry. (Photo: 
Sherwood B. Idso) 
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WIND: SMALL-SCALE 
AND LOCAL SYSTEMS 


0 AA SC an ne 


On January 22, 1983, a DC-8 jetliner carrying 138 passengers 
and a crew of 6 was heading for San Francisco from Chicago. 
Some mild bumpiness over Colorado prompted the “fasten 
your seat belt” sign togo on. But other than that it was a routine, 
uneventful flight until suddenly over Utah a tremendous 
vibration ran through the plane. In an instant the aircraft nosed 
up, then dropped several thousand feet before stabilizing. 
Inside, screaming passengers were flung up against the walls 
and ceilings, then dropped. Those not fastened into their seats 
were sent hurling against overhead luggage compartments. 
Small bags and luggage, having slipped out from under the 
seats, were flying about inside the plane. Within seconds the 
entire ordeal was over. Twelve people suffered injuries and one 
passenger was knocked unconscious for about two minutes. 


The aircraft in our opening vignette encountered a tur- 
bulent eddy—an “air pocket”—in perfectly clear air. 
Such eddies are not uncommon, especially in the vi- 
cinity of jet streams. In this chapter, we will examine a 
variety of eddy circulations. First, we will see how ed- 
dies form and how eddies and other small-scale winds 
interact with our environment. Then, we will examine 
slightly larger circulations—local winds—such as the 
sea breeze and the chinook, describing how they form 
and the type of weather they generally bring. 


E SMALL-SCALE WINDS INTERACTING 
WITH THE ENVIRONMENT 


The air in motion—what we commonly call wind—is 
invisible, yet we see evidence of it nearly everywhere 
we look. It sculptures rocks, moves leaves, blows 
smoke, and lifts water vapor upward to where it can 
condense into clouds. The wind is with us wherever 
we go. On a hot day, it can cool us off; on a cold day, it 
can make us shiver. A breeze can sharpen our appetite 
when it blows the aroma from the local bakery in our 
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direction. The wind is a powerful element. The work- 


horse of weather, it moves storms and large fair- 
weather systems around the globe. It transports heat, 
moisture, dust, insects, bacteria, and pollens from one 
area to another. 

Circulations of all sizes exist within the atmo- 
sphere. Little whirls form inside bigger whirls, which 
encompass even larger whirls—one huge mass of tur- 
bulent, twisting eddies. For clarity, meteorologists ar- 
range circulations according to their size. This hierar- 
chy of motion from tiny gusts to giant storms is called 
the scales of motion. 


SCALES OF MOTION. Consider smoke rising into the 
otherwise clean air from a chimney in the industrial 
section of a large city (Fig. 11.1a). Within the smoke, 
small chaotic motions—tiny eddies—cause it to tum- 
ble and turn. These eddies constitute the smallest 
scale of motion—the microscale. At the microscale, 
eddies with diameters of a few meters or less not only 
disperse smoke, they also sway branches and swirl 
dust and papers into the air. They form by convection 
or by the wind blowing past obstructions and are usu- 
ally short-lived, lasting only a few minutes at best. 


_ In Fig. 11.1b observe that, as the smoke rises, it drifts : 
toward the center of town. Here the smoke rises even 


higher and is carried back toward the industrial sec- 
tion. This circulation of city air constitutes the next 
larger scale—the mesoscale (meaning middle scale). 
Typical mesoscale winds range from a few kilometers 
to about a hundred kilometers in diameter. Generally, 


(a) Microscale (b) Mesoscale 
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they last longer than microscale motions, often many 
minutes, hours, or in some cases as long as a day. 
Mesoscale circulations include local winds (which 
form along shorelines and mountains), as well as 
thunderstorms, tornadoes, and small tropical storms. 

When we look at the smoke stack on a surface 
weather map (Fig. 11.1c), neither the smoke stack nor 
the circulation of city air shows up. All that we see are 
the circulations around high- and low-pressure areas. 
We are now looking at the synoptic scale, or weather 
map scale. Circulations of this magnitude dominate 
regions of hundreds to even thousands of square kilo- 
meters and, although the life spans of these features 


_vary, they typically last for days and sometimes 


weeks, | 

The largest wind patterns are seen at the planetary 
or global scale. Here, we have wind patterns ranging 
over the entire earth. Sometimes, the synoptic and 
global scales are combined and referred to as the mac- 
roscale. 

In the next several sections, we will concentrate 
primarily on microscale winds and the effect they 
have on our environment. 


FRICTION AND TURBULENCE We are all familiar with 
friction. If we rub our hand over the top of a table, fric- 
tion tends to slow its movement because of irregular- 
ities in the table’s surface. Ona microscopic level, fric- 
tion arises as atoms and molecules of the two surfaces 
seem to adhere, then snap apart as the hand slides over 


` the table. Friction is not restricted to solid objects; it 


fr — 20 km — ; 


(mame 2000 km — 


(c) Synoptic scale 


FIGURE 11.1 Scales of atmospheric motion. The tiny microscale motions constitute a part of the 
larger mesoscale motions, which, in tum, are Part of the much larger synoptic scale. Notice that as 
the scale becomes larger, motions observed at the smaller scale are no longer visible. 
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occurs in moving fluids as well. Consider, for exam- 
ple, a steady flow of water in a stream. When a paddle 
is placed in the stream, turbulent whirls called eddies 
form behind it. These eddies create fluid friction by 
draining energy from the main stream flow, slowing it 
down. Let’s examine the idea of fluid friction in more 
detail. 

The friction of fluid flow is called viscosity. When 
the slowing of a fluid—such as air—is due to the ran- 
dom motion of the gas molecules, the viscosity is re- 
ferred to as molecular viscosity. Consider a mass of air 
gliding horizontally and smoothly (laminar flow) over 
a stationary mass of air. Even though the molecules in 
the stationary air are not moving horizontally, they are 
darting about and colliding with each other. At the 
boundary separating the air layers, there is a constant 
exchange of molecules between the stationary air and 
flowing air. The overall effect of this molecular ex- 
change is to slow down the moving air. If molecular 
viscosity were the only type of friction acting on mov- 
ing air, the effect of friction would disappear in a thin 
layer just above the surface. There is, however, 
another frictional effect that is far more important in 
reducing wind speeds. — . 

When laminar flow gives way to irregular turbulent 
motion, there is an effect similar to molecular viscos- 
ity, but which occurs throughout a much larger por- 
tion of the moving air. The internal friction produced 
by turbulent whirling eddies is called eddy viscosity. 
Near the surface, it is related to the roughness of the 
ground. As wind blows over a landscape dotted with 
trees and buildings, it breaks into a series of irregular, 
twisting eddies that can influence the air flow for hun- 


dreds of meters above the surface. Within each eddy, 


the wind speed and direction fluctuate rapidly, pro- 


ducing the irregular air motion known as wind gusts. . 


Eddy motions created by obstructions are commonly 
referred to as mechanical turbulence. Mechanical tur- 
bulence creates a dragon the flow of air, one far greater 
than that caused by molecular viscosity. 


The frictional drag of the ground normally de- 


creases as we move away from the earth's surface. Be- 
cause of this, wind speeds tend to increase with height 
above the ground. In fact, at a height of only 10 m (33 
ft), the wind is often moving twice as fast as at the sur- 
face. The atmospheric layer near the surface that is in- 
fluenced by friction (turbulence) is called the friction 


layer. The top of the friction layer is usually near — 


1000 m (3300 ft), but this may vary somewhat since 


both strong winds and rough terrain extend the region 
of frictional influence. e 
Surface heating and instability also cause turbu- 
lence to extend to greater altitudes. As the earth’s sur- 
face heats, thermals rise and convection cells form. 
The resulting vertical motion creates thermal turbu- 
lence, which increases with the intensity of surface 
heating and the degree of atmospheric instability. Dur- 
ing the early morning, when the air is most stable, 
thermal turbulence is normally at a minimum. As sur- 


_face heating increases, instability is induced and ther- 


mal turbulence becomes more intense. If this heating 
produces convective clouds that rise to great heights, 
there may be turbulence from the earth’s surface to the 
base of the stratosphere. - i i 
Although we have treated thermal and mechanical 
turbulence separately, they occur together in the at- 
mosphere—each magnifying the influence of the 
other. Let’s consider a simple example: the eddy form- 
ing behind the barn in Fig. 11.2. In stable air with weak 
winds, the eddy is nonexistent or small. As wind 


speed and surface heating increase, instability de- 


velops, and the eddy becomes larger and extends 
through a greater depth. The rising side of the eddy 
carries slow moving surface air upward, causing a fric- 


tional drag on the faster flow of air aloft. Some of the 


faster moving airis brought down with the descending 
part of the eddy, producing a momentary gust of wind: 
Because of the increased depth of circulating eddies in 
unstable air, strong, gusty surface winds are more - 


' likely to occur when the atmosphere is unstable. 


Greater instability also leads to a greater exchange of 
faster moving air from upper levels with slower mov- 
ing air at lower levels. In general, this exchange in- 
creases the average wind speed near the surface and 
decreases it aloft, producing the distribution of wind 
speed with height shown in Fig. 11.3. \ 

We can now see why surface winds are usually 
stronger in the afternoon. Vertical mixing during the 
middle of the day links surface air with the faster mov- 
ing air aloft. The result is that the surface air is pulled 
along more quickly. At night, when convection is re- 


` duced, the interchange between the air at the surface 


and the air aloft is ata minimum. Hence, the wind near 
the ground is less affected by the faster wind flow- 
above, and so it blows more slowly. i 
- In summary, the friction of air flow (viscosity) is a 
result of the exchange of air molecules moving at dif- 


- ferent speeds. The exchange brought about by random 
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FIGURE 11.2 Winds flowing pastan obstacle. In stable air, light winds 
produce small eddies and little vertical mixing (a). Greater winds in 


unstable air create deep, vertically mixing eddies that produce strong, 
gusty surface winds (b). 


Weak flow SL A 


NW, : Barn 
smote Geni nt ririt w o ji 
(a) Stable air 


molecular motions (molecular viscosity) is quite small 
in comparison with the exchange brought about by 
” turbulent motions (eddy viscosity). Therefore, the 


frictional effect of the surface on moving air depends 


A upon mechanical a perma turbulent mix: | 


Elevation (m) 
Elevation (ft) 


Pech l 5 10 
Wind speed (knots) 


FIGURE 11.3 When the air is stable and the terrain fairly smooth (a), 
vertical mixing is ata minimum, and the effect of surface friction only 
extends upward a relatively short distance above the surface. When the 
airis unstable and the terrain rough (b), vertical mixing is ata maximum, - 
and the effect of surface friction extends upward through a much 
greater depth of atmosphere. Within the region of frictional influence, 
vertical mixing increases the wind speed near the ground and 
decreases it aloft. (Wind at the surface is measured at 10 m above the 
surface.) ` 
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a aad layer) depend p primarily upon Eres 
factors: 


ace} eating—producing a steep lapse rate and 
ig thermal turbulence 
“2: strong wind speeds—producing strong ——— 
turbulent motions 
3. rough or hilly landscape—producing. mong me- 
emar turbulence 


fri att l effect of the rane is transferred upward t tos 
a rable heights, and the wind at the surface is. 


alge lly strong and gusty.’ 


EDDIES—BIG AND SMALL When the wind encounters 
a solid object, an eddy forms on the object's leeward si 
side. The size and sh shape of the eddy depend upon the“ 
size And shape of the obstacle and on the speed of the 
wind. Light winds produce small stationary eddies. — 
Wind moving past trees, shrubs, and even your body 
produces small eddies. (You may have had the experi- 
ence of dropping a piece of paper on a windy day only 
to have it carried away by a swirling eddy as you bend 
down to pick it up.) Air flowing over a building pro- 
duces larger eddies that will, at best, be about the size 
of the building. Strong winds blowing past an open 
sports stadium can produce eddies that may rotate in 
such a way as to create surface winds on the playing 
field. These surface winds may move ina direction op- 
posite to the wind flow above the stadium. et 
ing over a fairly smooth st urface produces few ec 

but when the surface is rough, many eddies form 
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The eddies that form downwind from obstacles can 
produce a variety of interesting effects. For instance, 
wind moving over a mountain range in stable air with 
a speed greater than 40 knots usually produces waves 
and eddies, such as those shown in Fig. 11.4. We can 
see that eddies form both close to the mountain and © 
beneath each wave crest. These are called roll eddies, 
or rotors, and have violent vertical motions that pro- 
duce extreme turbulence and hazardous flying condi- 
tions. On a much smaller scale, the howling of y 
on a blustery night is believed to be caused by eddies 
that are constantly being shed around obstructions, 
such as chimneys and roof corners. Whirling eddies 
create small areas of high air density. These tightly 
packed molecules act like a tiny pulse of compressed 
air, which pushes on the surrounding air molecules. . 
These, in turn, push on other molecules and so on 
until the pulse of compressed air reaches your ear- 
drums, producing a sound. On a windy night, one 
eddy after another forms around sharp corners with 
such regularity that the wind sounds as if it were 


+ howling. >- : 


The largest atmospheric eddies form as the flow of 
air becomes organized into huge spiraling ii 


cyclones and anticyclones of middle latitudes— _ 


which can have diameters greater than 1000 kim (600 


mi). Since it is these migrating systems that make our. _ 


middle latitude weather so changeable, we will exam- 
ine the formation and movement of these systems in 
Chapters 13 and 14. ] 
Turbulent eddies form aloft as well as near the sur- 
face. Turbulence aloft can occur suddenly and unex- 
pectedly, especially where the wind changes its speed’ 
or direction (or both) abruptly. Sucha change is called 
a wind shear. The shearing creates forces that produce 
eddies along a mixing zone. It" 
air, this form of turbulenc 
lence or (CAT). (Additional information on this topic 
is given in the Focus section on p. 274.) l 


THE FORCE OF THE WIND Because a small increase in 
wind speed can greatly increase the wind force on an 
object, strong winds may blow down trees, overturn 
mobile homes, and even move railroad cars. Here are 
just a few examples to illustrate how powerful the 
wind really is. On November 17, 1869, in Columbia 
County, New York, high winds lifted a moving train 
from the tracks and hurled it down a 6-meter embank- 
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FIGURE 11.4 Under stable conditions, air flowing past a mountain 


range can create eddies many kilometers downwind from the mountain 
itself. l . T l 


ment. In Nebraska, in 1894, strong winds propelled six 


fully loaded coal cars over 160 km (100 mi) in a little 


more than three hours. Similarly, in February, 1965, 
the wind presented people in North Dakota with a 
“shost train” as it pushed five railroad cars from Portal 


‘to Minot (about 125 km) without a locomotive. And, 


while the people in Mount Pleasant, Iowa, awaited the 
1979 Fourth of July celebration, a phenomenally 
strong wind—estimated at 90 knots—blew the Good- 
year blimp from its mooring and rolled it 300 meters 
into a corn field, where it came to rest in ruins. 
= Wind blowing with sufficient force to demolish the 
Goodyear blimp is uncommon. However; wind blow- 
ing with enough force to move an automobile is very 
common, especially when the automobile is exposed 
to a strong crosswind. On a normal road, the force of a 
crosswind is usually insufficient to move a car side- 
ways because of the reduced wind flow near the 
ground. However, when the car crosses a high bridge, 
where the frictional influence of the ground is re- 
duced; the increased wind speed can be felt by the 
driver. Near the top of a high bridge, where the wind 
flow is typically strongest, complicated eddies pound 
against the car’s side as the air moves past obstruc- 
tions, such as guard railings and posts. In a strong 
wind, these eddies may even break into extremely tur- 
bulent whirls that buffet the car, causing difficult 
handling as it moves from side to side. If there is a wall 
on the bridge, the wind may swirl around and strike 
the car from the side opposite the wind direction. 

A similar effect occurs where the wind moves over 
low hills paralleling a highway. (See Fig. 11.5.) When 
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FIGURE 11.5 Strong winds flowing past an obstruction can produce 
a reverse flow of air that strikes an object from the side opposite the 
‘general wind direction. 


the vehicle moves by the obstruction, a wind gust from 
the opposite direction can suddenly and without 
warning push it to the opposite side. This wind hazard 
is a special problem for trucks, campers, and trailers, 
and highway signs warning of gusty wind areas are 
often posted. a i l 

- Up to now we have seen that, when the wind meets 
a barrier, it exerts a force upon it. If the barrier doesn’t 
_ move, the wind moves around, up, and over it. Wheñ 
the barrier is long and low like a water wave, the slight 
updrafts created on the windward side support the 
«wings of birds} allowing them to skim the water in 
search of food without having to flap their wings. 
Elongated hills and cliffs that face into the wind create 
upward air motions that can support a hang glider in 
the air for a long time. (The cliffs in the Hawaiian 
_ Islands and along the California coast with their steep 
escarpments are especially fine hang-gliding areas.) 
Wind speeds greater than about 15 knots blowing over 
a smooth yet moderately sloping ridge may provide 
excellent ridge-soaring for the sailplane enthusiast. 

As stable air flows over a ridge, it increases in speed: 

Thus, winds blowing over mountains tend to be 
stronger than winds blowing at the same level on 
either side. In fact, the greatest wind speed ever re- 
corded near the ground occurred at the summit of 
Mt. Washington, New Hampshire, elevation 1909 m 
(6262 ft), where the wind gusted to 200 knots on April 
12, 1934. A similar increase in wind speed occurs 
where air accelerates as it funnels through a narrow 
constriction, such as a low pass or saddle in a moun- 
tain crest. 


MICROSCALE WINDS BLOWING OVER THE EARTH'S SUR- 
FACE We have already seen that winds can move ob- 
jects on the ground. However, strange as it may seem, 
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winds capable of moving large boulders are not capa- 


ble of lifting fine clay and dust particles.* The reason 
is that, near the ground in a thin layer less than 0.1mil- 


limeter thick, the wind speed is practically zero even 
when high wind speeds exist only a few meters higher. 
How, then, do these very. fine particles become air- 
borne? 

Sand grains large enough to protrude into the region 
of wind flow are pushed along when the wind speeds 
are sufficiently strong. Particles with diameters larger 
than 0.2 millimeters begin to move in a 13-knot wind, 
and larger sand particles whose diameters are about 
2.0 millimeters are put in motion by a 26-knot wind. 
Once the grains begin to move, they roll and slide over 
the ground, with the smaller ones rolling faster than 
the larger ones. After moving a short distance, a grain 
may collide with a larger, stationary particle. This 
causes the smaller particle to jump into the air to 'a 
height of between 1 mm and several meters, depend- 


ing upon the wind speed and the weight of the par. 
ticle. This bouncing and skipping motion of sand ' 


grains is called saltation. Once airborne, the particles 


are swept along even more quickly by the wind. Even- ; 


tually, they drop back to the ground, where they dis- 
lodge other particles, some being fine clay and dust too 
small to be picked up by the wind alone. If these tiny 
particles are caught in the windstream, they remain 
suspended for a long time and, in some cases, are car- 
ried over great distances. | 


WIND AND EXPOSED SOIL Where the wind blows over 
exposed soil, it takes an active role in shaping the 
landscape. This is especially noticeable in deserts. As 
tiny, loose particles of sand, silt, and dust are lifted 
from the surface and carried away by the wind, the 
ground level gradually lowers. The removal of this 
fine material leaves the surface covered with gravel 
and pebbles, which are too large to be transported by 
the wind. Such a landscape is termed desert pave: 
ment. a LN 

Because sand grains usually travel close to the 
ground, strong winds armed with sand can erode and 
shape rocks lying near the surface. If the rocks are soft 
and the winds are exceptionally strong (and prevail 
from one direction), the constant impact of hard 


*Diameters of clay- and dust-size particles are typically less than 
0.004 mm. i i 
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Top view 


Side view 


FIGURE 11.6 Windblown sand accumulating around a small obstruction may grow into a barchan 


dune, which points away from the prevailing wind direction. 


quartz sand grains can weather solid rocks, notching 

the base of a cliff or a boulder. The constant sandblast- 

ing of rock fragments may cause a flattened and pitted 
surface on the windward side. Rocks shaped by the’ 
abrasive action of the wind are called ventifacts. Even 

telephone poles have no immunity to desert winds 

and are often tapered near the base, where windblown 

sand has cut away the wood. And, finally, a motorist 

traveling through a wind-driven sandstorm knows all 

too well the disastrous effects of sandblasting on a 

car’s paint job and windshield. 


Blowing sand eventually comes to rest behind ob- 


stacles which can be anything from a rock to a clump 
of vegetation. As the sand grains accumulate, they pile 
into a larger heap that, when high enough, acts as an 
obstacle itself. If the wind speed is strong and con- 


tinues to blow in the same direction for a sufficient | 


time, the sand piles up higher and eventually becomes: 
a sand dune’ On the dune’s surface, the sand rolls, 
slides, and gradually creeps along, producing 
wavelike patterns called sand ripples. Each ripple 
forms perpendicular to the win d direction, witha gen- 
tle slope on the windward side : 


and a steeper slope on 
the leeward side (If the wind direction frequently 
changes, the ripple becomes more symmetric.) On a 
“larger scale; the dune itself may take on this shape. 
- Sand is carried forward and up the dune until it 
reaches the top. Here, the air flow is strongest, and the 
ntinues its forward movement anc ascades 
down the backside of the dune into quieter air. The ef- 
fect of this migration is to create a dune whose wind- 
ward slope is more gentle than its leeward slope (Fig. 
11.6). Therefore, the shape of a sand dune reveals E 
prevailing wind direction during its formation. 


WIND AND SNOW SURFACES Wind blowing over a 


snow-covered landscape may also create wavelike © 


patterns several centimeters high and oriented at right, 
angles to the wind. These snow ripples are similar to 
sand ripples. On a larger scale, winds may create snow 
dunes) which are quite similar to sand dunes. Ir-’.. 
regularities at the surface can cause a strong wind (40 
knots) A into turbulent eddies: If the snow on 
the ground is moist and sticky, some of it may be 
picked up by the wind and sent rolling. As it rolls 
along, it collects more snow and grows bigger. If the 
wind is sufficiently strong, the moving clump of snow 
becomes cylindrical, often with a hole extending 
through it lengthwise (Fig. 11.7). These snow rollers- 
range from the size of eggs to that of small barrels. The ` 


tracks they make in the snow are typically less than 


1 centimeter deep and several meters long. Snow roll- 


FIGURE 11.7 A snow roller. 


FOCUS ON AN APPLICATION 


PA 


-EDDIES AND “AIR POCKETS” 


To better understand how eddies form 
along a zone of wind shear, imagine that, 
high in the atmosphere, there is a stable 
layer of air having vertical wind speed 
shear as depicted in Fig. 1. The top half of 
the layer slowly slides over the bottom 
half, and the relative speed of both halves 
is low. As long as the wind shear between 
the top and bottom of the layer is small, 
few if any eddies form. However, if the 
shear and the corresponding relative 


Shear boundary 
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(a) Small (b) Increasing 
shear shear 


Vertical view 


FIGURE 1 The formation of clear air turbulence (CAT) along a 
speed shear. ; 


ers are rare, but, when they occur, they create a strik- 
ing winter scene. In populated areas, they may escape 
notice as they are often mistaken as being made by 
children rather than by nature. ~ i 
Strong winds blowing over a vast region of open 
plains can alter the landscape ina different way. Con- 
sider, for example, a lightsnowfall several centimeters 
deep covering a large portion of central South Dakota. 
After the snow stops falling, strong winds may whip it 
into the air, leaving fields barren of snow. The cold, 
dry wind also robs the soil of any remaining moisture 
and freezes it solid. Meanwhile, the snow settles out of 
the air when the wind encounters obstacles. Since the 
greatest density of such obstructions is normally in 
towns, municipal snowfall measurements may show 
an accumulation of many centimeters, while the sur- 


rounding countryside, which may desperately need : 


the snow, has practically none.. 
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speed of these layers increase, wavelike 
undulations may form. When the shearing 
exceeds a certain value, the waves break 
into large swirls, with significant vertical 
movement. (See Fig, 2.) Eddies such as 
these often form in the upper troposphere 
near jet streams, where large wind speed 
shears exist. They also occur in conjunc- 
tion with mountain waves, which may 
extend upward into the stratosphere. As 
we learned earlier, when these huge 
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(c) Boundary 
deforms 


boundary of increasing wind 


eddies develop in clear air, this form of 
turbulence is referred to as clear air 
turbulence, or CAT. 

The eddies that form in clear air may 
have diameters ranging from a couple 
of meters to several hundred meters. 
Anunsuspecting aircraft entering such 
aregion may be in for more than just a 
bumpy ride. If the aircraft flies into a 
zone of descending air, it may drop 
suddenly, producing the sensation 


ene. ail 


(d) Waves (e) Turbulent 
appear eddies 
break 


To help remedy this situation, snow fences are con- 
structed in open spaces (Fig. 11.8). Behind the snow 
fence, the wind speed is reduced because the airis a | 

en into small eddies, which allow the snow to settle 
to the ground. Added snow cover is important for 
Open areas because it acts like an insulating blanket 
that protects the ground from the bitter cold air, which 
often follows in the wake of a major snowstorm. In re- 
gions of low rainfall, moisture from the spring snow- 
melt can be a critical factor during long, dry summers. 
Snow fences are also built to protect major highways 
in these areas. Hopefully, the snow will accu: let i 
behind the fence rather than in huge drifts on the road. 


WIND AND VEGETATION We have already examined 
how wind affects the landscape in regions where the 
amount of exposed vegetation is limited. What can 
happen to vegetation in regions of high winds? Strong, 
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FOCUS ON AN APPLICATION 


that there is no air to support the 
wings. Consequently, these regions 
have come to be known as air pockets. 
Commercial aircraft entering an air 
pocket have dropped hundreds of 
meters, injuring passengers and flight 
attendants not strapped into their seats. 
For example, on April 4, 1981, a DC-10 
jetliner flying at 11,300 m (37,000 ft) over 
central Illinois encountered a region of 
severe clear air turbulence and reportedly 
plunged about 600 m (2000 ft) toward the 
earth before stabilizing. Twenty-one ofthe - 
154 people aboard were injured; one 
person sustained a fractured hip and 
another person, after hitting the ceiling, 
jabbed himself in the nose with a fork, then 
landed in the seat in front of him. Clear air 
turbulence has occasionally caused 
structural damage to aircraft by breaking 
off vertical stabilizers and tail structures. 
Fortunately, the effects are usually not this 
dramatic. 


prevailing winds can bend and twist the branches of | 


conifers toward the leeward side, producing wind 
sculptured trees (Fig. 11.9). Storm winds can unex- 
pectedly prune trees by breaking off their branches. 
Armed with sand, strong winds can damage or destroy 
tender new vegetation, decreasing crop productivity. 
Most plants increase their rate of transpiration as wind 
speed increases.* This leads to rapid water loss, espe- 
cially in warmer areas having low humidities, and 
may actually dry out plants. If sustained, this drying- 
out effect may stunt plant growth, and, in some windy, 
dry regions, mature trees that should be many meters 
tall grow only to the height of a small shrub. _ 


*This effect actually stops above a certain wind speed and varies 
greatly among plant species. 


FIGURE2 Turbulent eddies forming in a wind shear zone produce these billow clouds. 


FIGURE 11.8 Snow accumulating behind snow fences in Wyoming. 
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FIGURE 11.9 In the high country, trees standing unprotected from the 


wind are often sculpted into “flag” trees. * 


"Wind-dried vegetation can result in an area of high 
fire danger. If a fire should begin here, any additional 
wind helps it along, directing its movement, adding 
oxygen for combustion, and carrying burning em- 
bers elsewhere to start new fires. On the open plains, 
where the wind blows practically unimpeded, wind- 
whipped prairie fires can imperil homes and livestock | 
as the fires burn out of control over large areas. 

Wind erosion is greatly reduced by a continuous 
cover of vegetation. The vegetation screens the surface 
from the direct force of the wind and anchors the soil. 
Soil moisture also helps to resist wind erosion by ce- 
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menting particles together, which increases their 
cohesiveness. From this, we can see that land where 
natural vegetation has been removed for farming pur- 
poses—followed by several years of drought—is ripe 
for wind erosion. This happened in parts of the Great 
Plains in the middle 1930s, when winds carried mil- 
lions of tons of dust into the air, creating vast 
duststorms that buried whole farmhouses, reduced 
millions of acres to unproductive wasteland, and 
financially ruined thousands of families. Because of 
these disastrous effects of the wind, portions of the 
western plains became known as the “dist bowl.” 

To protect crops and soil, windbreaks—commonly 
called shelterbelts—are planted. Shelterbelts usually 
consist of a series of mixed conifer and deciduous 
trees or shrubs planted in rows perpendicular to the 
prevailing wind flow. They greatly reduce the wind 
speed behind them. (See Fig. 11.10.) As air filters 
through the belt, the flow is broken into small eddies, 
which have little mixing effect on the air near the sur- 
face. However, if trees are planted too close together, 
several unwanted effects may result. For one thing, the 
air moving past the belt may be broken into larger, 
more turbulent eddies, which swirl soil about. Fur- 


thermore, in high winds, strong downdrafts may dam- 


age the crops. 

The use of properly designed shelterbelts has 
benefited agriculture. In some parts of the Central 
Plains, these belts have stabilized the soil and in- 
creased wheat yield. Despite their advantages, many 
of the shelterbelts planted during the mid-1930s 
drought years have been removed. Some are economi- 
cally unfeasible because they occupy valuable crop 
land. Others interfere with the large center pivot 
sprinkler systems now in use. At any rate, one won- 
ders how the absence of all the shelterbelts would af- 
fect this region if it were struck by a drought similar to 
that experienced in the 1930s. 


WIND AND WAVES The impact of the wind on the 


earth’s surface is not limited to land; wind also influ- 
ences water—it makes waves. Waves forming by wind 
blowing over the surface of the water are known as- 
wind waves. Just as air blowing over the top of a water- 


- (Distance) x (Shelterbelt Height) filled pan creates tiny ripples, so waves are created as + 


the frictional drag of the wind transfers energy to the ý 
water. In general, the greater the wind speed, the — 
greater the amount of energy added, and the higher 
will be the waves. Actually, the amount of energy 


FIGURE 11.10 Aproperly designed shelterbelt can reduce the air flow 
downwind for a distance of 25 times the height of the belt. The minimum 
wind flow behind the belt is typically measured downwind at a distance 
of about 4 times the belt's height. = 
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transferred to the water (and thus the height to which a 
wave can build) depends upon three factors: 


1. the wind speed ' 

2. the length of time that the wind blows over the 
water -m ; 

3. the fetch, or distance, of deep water over which the 
wind blows _ ) 


A sustained 50-knot wind blowing steadily for 
nearly three days over a minimum distance of 2600 km 
(1600 mi) can generate waves with an average height 
of 15 m (49 ft). Thus, a stationary storm system cen- 
tered somewhere over the open sea is capable of creat- 
ing large waves. In fact, the largest wave ever recorded 
in the open sea was encountered by a navy tanker dur- 
ing a Pacific storm with winds of over 60 knots on Feb-. 
ruary 7, 1933. During this storm, the height of the 
largest wave was estimated at 34 m (112 ft). Observing 
the wave crest from down in the trough would be like 


looking up at the top of an 11-story building from a . 


parking lot! l | 

Microscale winds actually help waves grow taller. 
Consider, for example, the wind blowing over the 
small wave depicted in Fig. 11.11. Observe that both 
the wind and the wave are moving in the same direc- 
tion, and that the wave crest deflects the wind upward, 
producing an undulation in the airflow just above the 


water. This looping air motion establishes a small 


eddy of air between the two crests. The upward and 
downward motion of the eddy reinforces the upward 
and downward motion of the water. Consequently, the 
eddy helps the wave to build in height. 

Traveling in the open ocean, waves representa form 
of energy. As they move into a region of weaker winds, 
they gradually change: Their crestsbecome lower and 
more rounded, forming what are commonly called 
swells. When waves reach a shoreline they transfer 
their energy—sometimes. catastrophically—to~ the 
coast and structures along it. High, storm-induced 
waves can hurl thousands of tons of water against the 
shore. If this happens during an unusually high tide, 
resort homes overlooking the ocean can be pounded 
into a twisted mass of board and nails by the surf. Bear 
in mind that the storms creating these waves may be 
thousands of kilometers away and, in fact, may never 
reach the shore. Some of the largest, most damaging 
waves ever to strike the beach communities of south- 
ern California arrived on what was described as “one 
of the clearest days imaginable.” On the more positive 
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FIGURE 11.11 Wind blowing over a wave creates a small eddy of air 
that helps to reinforce the up and down motion.of the water. 


side, in the Hawaiian Islands these high waves are ex- 
cellent for surfboarding. ` 


DETERMINING WIND DIRECTION AND SPEED Wind is | 
characterized by its direction, speed, and gustiness. 
Because air is invisible, we cannot really see it. Rather, 
we see things being moved by it. Therefore, we can de-- 


- termine wind direction by watching the movement of 
objects as air passes them. For example, the rustling of 


small leaves, smoke drifting near the ground, and flags 
waving on a pole all indicate wind direction. Ina light 
breeze, a tried and true method of determining wind 
direction is to raise a wet finger into the air. The damp- 
ness quickly evaporates on the windward side, cool- 
ing the skin. Traffic sounds carried from nearby rail- 
roads or airports can be used to help figure out the di- 
rection of the wind. Even your nose can alert you to the 
wind direction as the smell of fried chicken or broiled 
hamburgers drifts with the wind from a local restau- 
rant. : de « 

We already know that wind direction is given as the 
direction from which it is blowing—a north wind: 
blows from the north toward the south. However, near - 
large bodies of water and in hilly regions, wind direc- 
tion may be expressed differently. For example, wind » 
blowing from the water onto the land is referred to as 
an onshore wind, while wind blowing from land to 
water is called an offshore wind (Fig. 11.12). Air mov- 
ing uphill is an upslope wind; air moving downhillisa 
downslope wind. The wind direction may also be 
given as degrees about a 360° circle. These directions 
are expressed by the numbers shown in Fig. 11.13. For 
example: A wind direction of 360° is a north wind; an 
east wind is 90% a south wind is 180°; and calm is ex- 
pressed as zero. It is also common practice to express. 
the wind direction'in terms of compass points, such as 
N, NW, NE, and so on. 
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PEDALING INTO THE WIND 


Anyone who rides a bicycle knows that it 
is much easier to pedal with the wind than 
against it. The reason is obvious: As the 
wind blows against an object, it exerts a 
force uponit. The amount of force exerted 
by the wind over an area increases as the 
square of the wind velocity. This is shown 
by the relationship 


F~ Ve, 


where Fis the wind force and Vis the wind 
velocity. From this we can see that, if the 
wind velocity doubles, the force goes up 
by a factor of 2?, or 4, which means that 

- pedaling into a 40-knot wind requires 4 
times as much effort as pedaling into a 
20-knot wind. 

Wind striking an object exerts a 

pressure on it. The amount of pressure 

_ depends upon the object's shape and 


pressure that exists on the object's 
downwind side. Without concem for all 
the complications, we can approximate 
the wind pressure on an object with a 
simple formula. For example, if the wind 
velocity (V) is in miles per hour, and the 
wind force (F) is in pounds, and the 
object's surface area (4) is measured in 
square feet, the wind pressure (P), in 
pounds per square feet, is’ 


F 
— = P = 0.004 V”, 
A 


We can look at a practical example of this’ 


expression if we consider a bicycle rider 
going 10 mi/hr into a head wind of 40 _ 
mi/hr. With the total velocity of the wind 
against the rider (wind speed plus bicycle 


 P=0.004 
= 0.004 (502) 
= 10 lb/ft? 


If the rider has a surface body area of 5 ft?, 
the total force exerted by the wind 
becomes 


F=PXxA p 
= 10 b/t? x 5 ft? 
=501b. 


Thisis enough force to make pedaling into 
the wind extremely difficult. To remedy _ 
this adverse effect, cyclists—especially ` 
racers—bend forward as low as possible 
in order to expose a minimum surface 
area to the wind. 


size, as well as on the amount of reduced = wind is 


THE INFLUENCE OF PREVAILING WINDS At many loca- 
tions, the wind blows more frequently from one direc- 
tion than from any other. The prevaili wind is the © 
name given to the wind direction NIC, 
during a given time period. Prevailing winds can 
greatly affect the climate of a region. For example, | 


FIGURE 11.12 An onshore wind 
blows from water to land, whereas 
an offshore wind blows from land to 
water, _ 


Onshore Wind 


. Speed) being 50 mi/hr, the pressure of the 


where the prevailing winds are upslope, clouds, fog, 


and precipitation are more likely than where the 
winds are downslope. Prevailing onshore winds in 


summer carry moisture, cool air, and ig into coasta 
regions, while prevailing offshore | . carry 
warmer and drier air into the same locations. In city 


Offshore Wind 
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planning, the prevailing wind can help decide where 
industrial centers, factories, and city dumps should be 
built. All of these, of course, must be located so that 
the wind will not carry pollutants into populated 
areas. Sewage disposal plants must be situated down- 
wind from large housing developments, and major 
runways at airports must be aligned with the prevail- 
ing wind to assist aircraft in taking off or landing. 
The prevailing wind can even bea significant factor 


in building an individual home. In the northeastern’ 


half of the United States, the prevailing wind in winter 
is northwest and in summer it is southwest. Thus, 
houses built in the northeastern United States should 
have windows facing southwest to provide summer- 
time ventilation and few, if any, windows facing the 
cold winter winds from the northwest. The northwest 
side of the house should be thoroughly insulated and 
even protected by a windbreak. 

From the prevailing wind, biologists can predict the 
direction disease-carrying insects and plant spores 
will move and, hence, how a disease may spread. 
Geologists use the prevailing wind to predict where 
ejected debris from potentially active volcanoes will 
land. 

Many local ground and landscape features show the 


effect of a prevailing wind. For example, smoke par- - 


ticles from an industrial stack settle to the ground on 
its downwind side. From the air, the prevailing wind 
direction can be seen as a discolored landscape on the 
leeward side of the stack. Wind blowing over surfaces’ 
of snow and sand produces ripples with a more gentle’ 
slope facing into the wind. As previously mentioned, 
sand dunes have similar shapes and, thus, show the 


prevailing wind direction. Trees with branches . 


twisted and broken on their windward side appear 
gnarled as the remaining branches point away from 
the prevailing wind. Look at Fig. 11.14 and see if you 
can determine the prevailing wind when this cinder 
cone erupted.* | 
_ The prevailing wind can be represented by a wind . 
rose, which indicates the percentage of time the wind - 
-blows from different directions. Extensions from the 
center of a circle point to the wind direction, and the- 


length of each extension indicates the percentage of © 


*During eruption, the prevailing wind was from left to right. We 
can tell this by the volcano’s shape. Material ejected from the vol- 
cano was blown by the wind to the right, where it accumulated, 
producing a more gentle slope. 


FIGURE 11.13 Wind direction can be expressed in degrees about a 
circle or as compass points. 


time the wind blew from that direction. Figure 11.15 


shows a wind rose for a city averaged over a period of 
10 years during the month of January. Observe that the 
longest extension points toward the northwest and 
that the wind blew from this direction 25 percent of 
the time. This is the prevailing wind for this time 
period. Of course, a wind rose can be made for any 
time of the day, and it can represent the wind direction 
for any month or season of the year. 

The prevailing wind in a town does not always rep- 
resent the prevailing wind of an entire region. In 
mountainous regions, the wind is usually guided by 
topography and is often deflected by obstructions that 


FIGURE 11.14 Which way was the wind blowing when this cinder 
. cone erupted? 
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S 
FIGURE 11.15 This windrose represents the percent of time the wind 
blew from different directions at a given site during the month of January 


for the past 10 years. The prevailing wind is NW and the wind direction 
of least frequency is NE. 


cause its direction to change abruptly. Within this re- 
gion, the wind may be blowing from one direction on 
one side of a valley and from an entirely different di- 
rection on the other side. 


WIND INSTRUMENTS A very old, yet reliable, weather 


instrument for determining wind direction is the wind 


vane, Most wind vanes consist of a long arrow with a 
tail, which is allowed to move freely about a vertical 


post (Fig. 11.16). The arrow always points into the - 


wind and, hence, always gives the wind direction. 
Wind vanes can be made of almost any material. At 


Wind vane 


anemometer 


FIGURE 11.16 - A wind vane and a cup anemometer. ` 
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airports, a cone-shaped bag opened at both ends so 
that it extends horizontally as the wind blows through 
it sits near the runway. This form of wind vane, called 
a wind sock, enables pilots to tell the surface wind di- 
rection when landing. 4 

The instrument that measures wind speed is the 
anemometer. The oldest type of anemometer is the 
pressure plate anemometer developed by Robert 
Hooke in 1667. It consists of arectangular metal plate, 


which is free to swing in the vertical. As the speed of ` 


the wind increases, the force of the wind on the plate 
pushes it outward at a greater angle. The wind speed is 
read from a scale mounted adjacent to the arm of the 
swinging plate. Most anemometers today consist of 


three (or more) hemispherical cups (cup anemometer). 


mounted on a vertical shaft. The difference in wind 
pressure from one side of a cup to the other causes the 


cups to spin about the shaft. The rate at which they ro- _ 


tate is directly proportional to the speed of the wind. 
The spinning of the cups is usually translated into 
wind speed through a system of gears, and may be read 
from a dial or transmitted to a recorder. 

The aerovane (skyvane) is an instrument com- 
monly used to indicate both wind speed and direc- 
tion. It consists of a three-bladed propeller that rotates ' 
at a rate proportional to the wind speed. Its stream- 
lined shape and a vertical fin (Fig. 11.17) keep the 
blades facing into the wind. When attached to a re- 
corder, a continuous record of both wind speed and 
direction is obtained. i ab: 

The wind-measuring instruments described thus far 
are “ground-based” and only give wind speed or di- 
rection at a particular fixed location. But the wind is 
influenced by local conditions, such as buildings, 
trees, and so on. Also, wind speed normally increases 


rapidly with height above the ground. Thus, wind in- _ 
struments should be exposed to freely flowing air ata 


height of at least 10 m above the surface and well 
above the roofs of buildings. In practice, unfortu- 
nately, anemometers are placed at various levels; the 
result, then, is often erratic wind observations. 

A simple way to obtain wind data above the surface 


' is with a pilot balloon. A small balloon filled with gas 


is released from the surface. The balloon rises at a 
known rate, but drifts freely with the wind. Itis manu- 


ally tracked with a small telescope called a theodolite. 7 


Every minute (or half minute), the balloon’s vertical 
angle (height) and horizontal angle (direction) are 
measured. The data from the observations are fed into 
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a computer or plotted on a special board, and the wind 
speed and direction are computed at specific intervals 
—usually every 300 m (1000 ft) —above the surface. 

The pilot balloon principle can be used to obtain. 
wind information during a radiosonde observation. 
As a balloon carrying a radiosonde (an instrument 
package designed to measure the vertical profile of 
temperature, pressure, and humidity) rises from the 
surface, equipment located on the ground constantly 
tracks it, measuring its vertical and horizontal angles, 
as well as its distance from the observing station. From 
this information, a computer determines and prints 
the vertical profile of wind from the surface up to | 
where the balloon normally pops, typically in the 
stratosphere near 30 km (19 mi). The observation of. 
winds using a radiosonde balloon is called a rawin” 
sonde observation. | 

Above an altitude of 30 km, rockets and radar canin- 
form us about the wind flow. One type of rocket ejects 
an instrument attached to a parachute that drifts with 
the wind as it slowly falls to earth. While descending, 
a ground-based radar unit tracks the instrument and 
determines wind information for that region of the at- 
mosphere. Other rockets eject metal strips at some de- 
sired level. Again, radar tracks these drifting pieces of 
_ chaff, which provide valuable wind speed and direc- 
tion data for elevations outside the normal radiosonde 
range. Aya i 

A device similar to radar called lidar (light detec- - 
tion and ranging) uses infrared or visible light in the 
form of a laser beam to determine wind information. 
Basically, it sends out a narrow beam of light that is re- 
flected from particles, such as smoke or dust—it mea- 
sures wind velocity by measuring the movement of 
these particles. me 

Another instrument presently under studyas a pos- 
sible wind information gatherer is the infrared 
radiometer. Radiometers do not measure wind di- 
rectly; instead, they measure the intensity of infrared 
radiation emitted from an object. Recent studies show 
that strong variations in wind speed and wind direc- 
tion are accompanied by sharp variations in air tem- 
perature, especially near the underside of a severe 
thunderstorm, where a cold downdraft pours out of 
the cloud. Infrared radiometers can detect these tem- 
perature variations and relate them to the wind field. 
More recently, studies have shown that the amount of 
water vapor also changes drastically in regions of 
strong wind shear related to clear air turbulence. Be- 
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FIGURE 11.17 The aerovane (skyvane). 


cause water vapor is an excellent emitter of infrared 
radiation, radiometers can measure these sudden’ 
changes in radiation intensity.. Installed in an. 


airplane, this instrument could warn pilots of possible 
+ wind turbulence as far as 100 km (60 mi) in front of the- 


aircraft. - 

In remote regions of the world where upper-air 
observations are lacking, satellites have been used to 
obtain wind speed and direction. So far, the most reli-- 
able wind data have come from geostationary satel- 
lites positioned above a particular location. From this 
vantage point, the satellite shows the movement of 
clouds. The direction of cloud movement indicates 
wind direction, and the horizontal distance the cloud 

‘moves during a given time period indicates the wind 
speed. . 

Recently, Doppler radar has been employed to ob- 
tain a vertical profile of wind speed and direction up- 
to an altitude of 10 km or so above the ground. Such a 
profile is called a wind sounding, and the radar, a- 
wind profiler (or simply a profiler). Doppler radar, like 
conventional radar, emits pulses of microwave radia- 

“tion that are returned (backscattered) from a target, in 
this case the irregularities in moisture and tempera- 
ture created by turbulent, twisting eddies that move 
with the wind. Doppler radar works on the princip 
that, as these eddies move toward or away from the re- 
ceiving antenna, the returning radar pulse will change 
in frequency: The Doppler radar wind profilers are so 
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FOCUS ON AN ISSUE 


WIND POWER 


Thousanas of small windmills, their arms 
spinning in a stiff breeze, have pumped 
water, sawed wood, and even supple- 

_ mented the electrical needs of small farms 
for many decades. It was not until the 
energy crisis of the early 1970s, however, 

_ that we seriously considered wind-driven 


turbines to run generators. In 1980, wind _ 
- energy got a boost from Congress inthe — 


form of a bill—the Wind Energy Research, 
Demonstration, and Utilization Act—that - 
authorized $900 million to define the 
nation’s wind-energy potential and 
provide support for the research and 
development of wind generators called 
wind turbines. eae 
Wind power seems an attractive way of 
producing energy—it is nonpolluting and, 
unlike solar power, is not restricted to 
daytime use. It does; however, pose 
some problems. Large wind machines 
may interfere with television reception in 
their immediate vicinity. Also, the financial 
aspects are another problem, as the cost 
_ Ofasingle wind turbine can range from as 
low as $6,000 to over $1 million. In 
addition, a region dotted with large wind 
machines is unaesthetic. (Probably, 
though, it would be no more of an eyesore 


than the parades of huge electricaltowers - 


marching across many open areas today.) 
Most important, if the wind turbine is to 
produce electricity, there must be wind, 
not just any wind, but a steady flow of air 
neither too weak nor too strong. A slight. 
breeze will not tum the blades, anda 

- powerful wind gust could severely 
damage the machine. Thus, regions with 
the greatest potential for wind-generated 

"power would have moderate, steady - 
winds. Examples of such areas include 
the central Great Plains, high mountain 
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FIGURE 3 A portion of a wind farm near the summit of Altamont Pass, California. With over 
+ 7000 wind turbines, this is the world's largest wind energy development project. 


passes, and the coastal areas of New 
England and the Pacific Northwest. 


Ina steady wind of 17 knots, large wind — 


machines can convert between 30 and 40 
percent of the available wind energy to 
electricity. Their efficiency increases with 
both the wind speed and the size of the 


- rotor blade. The available energy is 


proportional to the cube of the wind 
speed. A wind speed of 20 knots, for 
example, can provide 8 times more 
energy than a wind of 10 knots, meaning 
that a small increase in wind speed can 
result ina large increase in electrical 
energy. Large-blade wind turbines are 
more efficient than small-blade models 
because the power output ofthe machine 
increases with the square of the blade 
diameter. Hence, a wind turbine with a 


- 90-m blade is capable of producing 4 
_ times as much electricity as one with a 
-45-m blade. : 


“a 
4 


With fossil fuels rapidly diminishing, the 
wind can provide a pollution-free 
alternative form of energy. For example, a , 
1000 kilowatt (1 megawatt) wind turbine 
can supply power for approximately 400 
average-size U.S. homes. In Califomia 
alone, there are over 17,000 wind 
turbines, many of which are on wind 
farms—clusters of 50 or more wind 
turbines (Fig. 3). During 1985, one 
California power company purchased 
more than 220 million kilowatt hours of - 
electricity from wind farms, enough | 
electricity to meet the annual needs of 


- Over 40,000 residential customers. 
. Present estimates are that wind power 


may be able to fumish between 2 and 

4 percent of the nation’s total energy 
needs by the early part of the twenty-first 
century. 


sensitive that they can translate the backscattered 
energy from these eddies into a vertical picture of 
wind speed and direction in a column of air 16 km (10 
mi) thick. At present, the National Oceanic and Atmo- 
spheric Administration (NOAA) is planning to deploy 
a network of 30 wind profilers across the central 
United States by the early 1990s. 

Up to now, we have seen that the wind is a powerful 
weather element that affects our environment in many 
ways. It can shape the landscape, influence crop pro- 
duction, transport material from one area to another, 
generate waves, and turn a wind turbine to produce 
electricity. Now, we will turn our attention to winds 
on a larger scale—to mesoscale and synoptic scale 
winds. 


LOCAL WIND SYSTEMS 


Every summer, millions of people flock to the New Jer- 


sey shore, hoping to escape the oppressive heat and 
humidity of the inland region. On hot, humid days, 
these travelers often encounter thunderstorms about 
30 km or so from the ocean, thunderstorms that invar- 
iably last for only a few minutes. In fact, by the time 
the vacationers arrive at the beach, skies are generally 
clear and air temperatures are much lower, as cool 
ocean breezes greet them. If the travelers return home 
in the afternoon, these “mysterious” showers occur at 
just about the same location as before. 


The showers are not really mysterious. Actually, .- 


they are caused by a local wind system—the sea 


breeze. As cooler ocean air pours inland, it forces the ' 


warmer, unstable humid air to rise and condense, pro- 
ucing majestic clouds and rainshowers along a line 
where the wind systems far 
The sea breeze forms part of a thermally driven 
circulation. Consequently, we will begin our study of 


local winds by examining the formation of thermal cir- 


culations. 


THERMAL CIRCULATIONS Consider the vertical distri- 
bution of pressure shown in Fig. 11.18a. The isobaric 
surfaces all lie parallel to the earth’s surface; thus, 
there is no horizontal variation in pressure (or temper- 
ature), and there is no pressure gradient and no wind. 
Suppose the atmosphere is cooled to the north and 
warmed to the south (Fig. 11.18b). In the cold, dense 
air above the surface, the isobars bunch closer to- 
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gether, while in the warm, less dense air, they spread" 
farther apart. This dipping of the isobars produces a 
horizontal pressure gradient force aloft that causes the 


air to move from higher pressure (warm air) toward 


lower pressure (cold air).. 
At the surface, the air pressure remains unchanged 
until the air aloft begins to move. As the air aloft moves » 


from south to north, air leaves the southern area and 


“piles up” above the northern area. This redistribution: 
of air reduces the surface air pressure to the south and. 
raises it to the north. Consequently, a pressure gra- 
dient force is established at the earth’s surface from 
north to south and, hence, surface winds begin to blow 
from north to south. 

We now havea distribution a pressure and temper- 
ature and a circulation of air, as shown in Fig. 11.18c. 
As the cool surface air flows southward, it warms and 


suriaces 
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FIGURE 11.18 A thermal circulation produced by the heating and - 
cooling of the atmosphere near the ground. (The Hs and Ls refer to 


_ atmospheric pressure.) 


Isobaric - 
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becomes less dense. In the region of surface low pres-. 
- sure, the warm air slowly rises, expands, cools, and 
flows out the top at an elevation of about 1 km above 
the surface: At this level, the air flows horizontally 


northward toward lower pressure, where it completes . 


the circulation by slowly sinking and flowing out the 
. bottom of the surface high. Circulations brought on by 
changes in air temperature, in which warmer air rises 


and colder air sinks, are termed thermal circulations. 


The regions of surface high and low atmospheric 
pressure created as the atmosphere either cools or 
warms are called thermal highs and thermal lows. In 
general, they are shallow systems, usually extending 
no more than a few kilometers above the ground. 
These systems weaken with height. For example, at 
the surface, atmospheric pressure is lowest in the 
center of the warm thermal low in Fig. 11.19. In the 
_ warm air above the low, the isobars spread apart, and, 
at some intermediate level, the thermal low disap- 
pears and actually changes into a high. A similar 
phenomenon happens above the cold thermal high. 
The surface pressure is greatest in its center, but be- 
cause the isobars aloft are crowded together due to the 
cold, dense air, the surface thermal high becomes a 
low a kilometer or so above the ground. We can sum- 
marize the typical characteristics of thermal pressure 
systems as being shallow, weakening with height, and 
being maintained, for the most part, by local heating 
and cooling. 3 


SEA AND LAND BREEZES The sea breeze is a type of 
thermal circulation. The uneven heating rates of land 


and water (described in Chapter 4) cause these mesos. 


‘scale coastal winds. During the day, the land heats 


more quickly than the adjacent water, and the inten: - 


sive heating of the air above produces a shallow ther- 
mal low: The air over the water remains cooler than 
the air over the land; hence, a shallow thermal high 
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FIGURE 11.1 9 The vertical distribution of pressure with thermal highs 
and thermal lows. mye : 
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exists above the water. The overall effect of this pres- 
sure distribution is a sea breeze that blows from the 


"sea toward the land (Fig. 11.20a). Since the strongest 


gradients of temperature and pressure occur near the 
land-water boundary, the strongest winds typically 
occur right near the beach and diminish inland. 


- Further, since the greatest contrast in temperature be- 


tween land and water usually occurs in the afternoon, 
sea breezes are strongest at this time. (The same type of 
breeze that develops along the shore of a large lake is 
called a lake breeze.) 

Atnight, the land cools more quickly than the water. 
The air above the land becomes cooler than the air 
over the water, producing a distribution of pressure, 


such as the one shown in Fig. 11.20b. With higher sur- 


face pressure now over the land, the wind reverses it- 
self and becomes a land breeze—a breeze that flows 
from the land toward the water. Temperature con-' 
trasts between land and water are generally much 


smaller at night, hence land breezes are usually , 

weaker than their daytime counterpart, the sea breeze. ' 
_ In regions where greater nighttime temperature con- 
trasts exist, stronger land breezes occur over the water,’ , 


off the coast: They are not usually noticed much on 
shore, but are frequently observed by ships in coastal 
waters. : 

Look at Fig. 11.20 again and observe that the rising 
air is over the land during the day and over the water 


during the night. Therefore, along the humid East: 
Coast, daytime clouds tend to form over land and . 


nighttime clouds over water; This explains why, at 
night, distant lightning flashes are sometimes seen 


- over the ocean. 


_ INFLUENCE OF A SEA BREEZE Sea breezes are best de- 


veloped where large temperature differences exist be- 
tween land and water. Such conditions prevail year- 
round in many tropical regions. In middle latitudes, 
however, sea breezes are invariably spring and sum- 
mer phenomena. > 
During the summer, a sea breeze usually sets in 
about midmorning after the land has been warmed. By 


early afternoon, the breeze has increased in strength 


and depth. By late afternoon, the cool ocean air may 
reach a depth of more than 300 m (1000 ft) and extend: 
inland for more than 20 km (12 mi). — 
The leading edge of the sea breeze is called the sea 
breeze front. As the front moves inland, a rapid drop. 
in temperature occurs just behind it. In some loca- 


PIGURE 11.20 Development of asea breeze and a land breeze. 


LOCAL WIND SYSTEMS 285 


SUYA 


\ b Y, 


S 


ny 


| 
l 
| 


— e —> § 


m r” 


Pressure 
surfaces 
aa 
MORATA 
Land 
(a) Sea breeze 
Pressure A 


surfaces 


(b) Land breeze da- 


tions, this temperature change may be 5°C (9°F) or: 
more during the first hours—a refreshing experience 
on a hot, sultry day. Since citiesnear the ocean usually 
experience the sea breeze by noon, their highest tem- 
perature usually occurs much earlier than in inland 
cities. Along the East Coast, the passage of the sea 
breeze front is marked by a wind shift, usually from 
west to east. In the cool ocean air, the relative humid- 
ity rises as the temperature drops. If the relative’ 
humidity increases to above 70 percent, water vapor 
begins to condense upon particles of sea salt or indus- 
trial smoke, producing haze. When the ocean air is 
highly concentrated with pollutants, the sea breeze 
front may meet relatively clear air and thus appear as a 
smoke front, or a smog front (Fig. 11.21). If the ocean 
air becomes saturated, a mass of low clouds and fog 
will mark the leading edge of the marine air. 


When there is a sharp contrast in air temperature | 


- across the frontal boundary, the warmer, lighter air. 


will converge and rise. In many regions, this makes for 
good sea breeze glider soaring. If this rising air is © 
sufficiently moist, a line of cumulus clouds will form: 
along the sea breeze front, and, if the air is also unsta- 


ble, thunderstorms may form. “As previously men- 


tioned, on a hot, humid day one can drive toward the 
shore, encounter heavy showers several kilometers 
from the ocean, and arrive at the beach to find it sunny 
with a steady onshore breeze. . 

Asea breeze moving over a forest fire can be danger- 
ous. First of all, gusty surface winds often make the fire 
difficult to control. Another problem is the return flow 
aloft. Along the sea breeze frontal boundary, air can 
rise to elevations where it becomes part of the return 


flow. Should burning embers drift seaward with this 
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FIGURE 11.21 The leading edge of a sea breeze, marked bya distinct smog front, moves into 
Riverside, California. À 


y 


flow and drop to the ground behind the fire, they could 


start new fires. Flames from these fires pushed on by . 


surface winds can trap firefighters between the two 
blazes. 


_ When cool, dense, stable marine air encounters an: 
obstacle, such as a row of hills, the heavy air tends to” 
flow around them rather than over them. When the op- 
posing breezes meet on the opposite side of the 


obstruction, they form what is called a sea breeze con- 
- vergence zone.'Such conditions are common along the 
Pacific Coast.- . : de 

Sea breezes in Florida help produce that state's 
abundant summertime rainfall. On the Atlantic side of 


the state, the sea breeze blows in from the east; on the’ 


-Gulf shore, it moves in from the west. The conver: 
gence of these two moist wind systems, coupled with 


daytime convection, produces cloudy conditions and ` 


showery weather over the land. Over the water (where 


cooler, more stable air lies close to the surface), skies 
often remain cloud-free: 
Convergence of coastal breezes is not restricted to 
ocean areas. Both Lake Michigan and Lake Superior 
are capable of producing well-defined lake breezes. In 


_upper Michigan, these large bodies of water are sepa- 


rated by a narrow strip of land about 80 km (50 mi) 
wide. As can be seen from Fig. 11.22, the two breezes 


push inland and converge near the center of the penin- | 
sula, creating afternoon clouds and showers, while the — 


lakeshore area remains sunny, pleasantly cool, and- 
dry. | 


LOCAL WINDS AND WATER Frequently, local winds - 
will change speed and direction as they cross a large 


body of water. Figure 11.23 shows the wind speed and 
direction as air flows over a large lake. At position A, 
on the upwind side, the wind is blowing at 10 knots 


FIGURE 11.22 The convergence of two 
lake breezes and their influence on the 
maximum temperature during July in upper . 
Michigan. 
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from the WNW; at position B, the wind speed is 15 


knots from the NW; at position C, the wind is again 


blowing at 10 knots from the WNW. Why does the 


wind blow faster and from a slightly different direc- 
tion in the center of the lake? As the air moves from the 
rough land over the relatively smooth lake, friction 
with the surface lessens, and the wind speed in- 
creases. The increase in wind speed, however, in- 
- creases the Coriolis force, which turns the wind flow 
to the right, as shown by the report at position B. When 
the air reaches the opposite side of the lake, it again en- 
counters rough land, and its speed slows. This reduces 
the Coriolis force, and the wind responds by shifting 
to a more westerly direction, as shown by the report at 
position C. ao . A 
Changes in wind speed along the shore of a large 


lake can inhibit cloud formation on one side and en- 


hance it on the other. Suppose warm, moist air flows 
over a lake, as illustrated in Fig. 11.24. Observe that 
clouds are forming on the downwind side, but not on 
‘the upwind side, The lake is slightly cooler than the 
air. Consequently, by the time the air reaches the lee 
side of the lake, it will be cooler, denser, and less likely 
to rise. Why, then, are clouds forming on this side of 
the lake? As air moves from the land over the water, it 
travels from a region of greater friction into a region of 


less friction, so it increases in speed. This causes the : 


surface air to diverge—to spread apart. Such spread- 
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ing of air forces air from above to slowly sink, which, 
of course, inhibits the formation of clouds, Hence, 
there are no clouds on the upwind side of the lake. Out 
over the lake, the separation between air temperature ` 
and dew point lessens. As this nearly saturated air 
moves onshore, friction with the rougher ground 
slows it down, causing it to “bunch up” or converge 
(which forces the air upward). This slight upward mo- 
tion coupled with surface heating is often sufficient to 
initiate the formation of clouds along the downwind 
side of the lake. 

Strong winds blowing over an open body of water, 


such as a lake, can cause the water to slosh back and 


forth rhythmically. This sloshing causes the water 
level to periodically rise and fall, much like water 


Large lake 


FIGURE 11.23 Wind can change in both speed and direction when 
crossing a large lake. 
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FIGURE 11.24 Sinking air develops where surface winds move offshore, speed up, and diverge. 
Rising air develops as surface winds move onshore, slow down, and converge. 


Fa: does at both'ends of a bath tub when the water is dis- 
AE o AAA “turbed. Such water waves that oscillate back and forth 
al H are standing waves called seiches (pronounced 


whether or not it oscillates. During December, 1986, 
| seiches generated by strong.easterly winds caused ex- 
| tensive coastal flooding along the southwestern shores 

of Lake Michigan. E 


_ Winter monsoon 


> One 


e Cherrapunji  : in winte 
CS i well developed in eastern and southern Asia. 

In some ways, the monsoon is similar to a huge sea 

juring the winter, the air over the 


dian O Fig. 11.25). Subsid- 
ing air of the anticyclone and the downslope move- 
ment of northeasterly winds from the inland plateau 
provide eastern and southern Asia with generally fair 
weather and the dry season. Hence, the w non- 


th winds that 


Summer monsoon 
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FIGURE 11.25 Changing annual wind flow patterns associated with 
the winter and summer Asian monsoon. e i 


“sayshes”). In addition to strong winds, seiches may» 
also be generated by sudden changes in atmospherié. , 
pressure or by earthquakes. Around the Great Lakes,. 
eiche applies to any sudden rise in Water level 
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In summer, the wind flow pattern reverses itself as 
air over the continents becomes much warmer than air 


above the water. (See Fig. 4.20, p. 99.) A shallow 


thermal low develops over the continental interior. 
The heated air within the low rises, and the surround- 
ing air responds by flowing counterclockwise into the 


low center. This results in moisture-bearing winds > 


sweeping into the continent from the ocean. The 
humid air converges with a drier westerly flow, caus- 
ing it to rise; further lifting is provided by hills and 
mountains. Lifting cools the air to its saturation point, 
resulting in heavy showers and thunderstorms. Thus, 
the summer monsoon of southeastern Asia means wet, 
rainy weather (wet season) with winds that blow from 
sea to land. (See Fig. 11.25.) ; 

Many factors help create the monsoon wind system. 
The latent heat given off during condensation aids in 
the warming of the air over the continent and strength- 
ens the summer monsoon circulation. Rainfall is en- 
hanced by weak westward moving low-pressure areas 


called monsoon depressions: The formation of these - 


depressions is aided by an upper-level jet: stream. 


Where winds in the jet diverge, surface pressures | 
drop, the monsoon depressions intensify, and surface: 
winds increase.. The greater inflow of moist air 


supplies larger quantities of latent heat, which, in 
turn, intensifies the summer monsoon circulation. 
Findings of the Monsoon Experiment (MONEX), a 
joint research project of the United States and other 
nations, ‘suggests that surges of rainfall over western 
India might be related to a strong, moist; low-level jet 
stream that flows along the eastern hills of Kenya, then 
swings out over the Indian Ocean, where it feeds the 
monsoon winds. Hence, by monitoring the low-level 
jet stream, it might be possible to predict the intensity 
and duration of monsoon rains. Additionally, the 
strength of the Indian monsoon appears to be related 
to the reversal of surface air pressure that occurs at 
irregular intervals about every 3 to 7 years at opposite 
ends of the tropical South Pacific Ocean. Just how this 
reversal of pressure (which is known as the Southern 
Oscillation) and the monsoon system are linked is cur- 
rently being studied. (More information on this topic 
will appear in Chapter 12 when we examine the inter- 
actions between the atmosphere and the ocean.) 
Summer monsoon rains over southern Asia can 
reach record amounts. Located about 300. km inland 
on the southern slopes of the Khasi Hills in northeast- 
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ern India, Cherrapunji receives an average of 1080 cm 
(425 in.) of rainfall each year, most of it during the 
summer monsoon between April and October. The 
summer monsoon rains are essential tothe agriculture - 
of that part of the world. With a population of over 600 
million people, India depends heavily on the summer 
rains so that food crops will grow. Unfortunately, the 
monsoon can be unreliable in both duration and inten- 
sity. Since the monsoon is vital to the survival of so 
many people, it is no wonder that meteorologists have 
investigated it extensively. They have tried to develop 
methods of accurately forecasting the intensity and 
duration of the monsoon. The outlook has been hope- 
ful, but the results are not yet impressive. 

- Monsoon wind systems exist in other regions of the 
world, where large contrasts in temperature develop 
between oceans and continents. (Usually, however, 
these systems are not as pronounced as in southeast 
Asia.) Monsoon winds can, for example, be found in 
Australia, Africa, and South America. In the United 
States, a weak monsoon-like flow occurs in the Missis- 
sippi Valley, as winter winds tend to be cold, dry, and 


‘more northerly and summer winds warm, humid, and 


southerly. Along the Pacific Coast, the strong onshore | 
surface flow that begins in spring and lasts until fall is 4 


so persistent it is called the Pacific monsoon. . 


A monsoon-like circulation also exists in the south- 
western United States, especially in Arizona and New ~. 
Mexico, where spring and early summer are normally 
dry, as warm westerly winds sweep over the region. 


“By mid-July, however, moist’ southerly winds are 


more common, and so are afternoon showers and 
thunderstorms. 


MOUNTAIN AND VALLEY BREEZES Mountain and val- 
ley breezes develop along mountain slopes.: Observe 


' in Fig. 11.26 that, during the day, sunlight warms the 
valley walls, which in turn warm the air in contact 


with them. The heated air, being less dense than the 
air of the same altitude above the valley, rises as a gen- 


- tle upslope wind known as a valley breeze. At night, 


the flow reverses. The mountain slopes cool quickly, 
chilling the air in contact with them. The cooler, more 
dense air glides downslope into the valley, providing 
a mountain breeze. (Because gravity is the force that 
directs these winds downhill, they are alsoreferred to : 


as gravity winds, or drainage winds.) This daily cycle 
of wind flow is best developed in clear, summer + 
- weather when prevailing winds are light. 
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Valley breeze 


k FIGURE 11.26 Valley breezes blow uphill during the day; 


Mouniain breeze 


mountain breezes blow downhill at night. 


(The Ls and Hs represent pressure, while the solid lines are pressure surfaces.) 


In many areas, the upslope winds begin early in the: 
morning, reach a peak speed of about 6 knots by mid- 
day, and reverse direction by late evening. The down- 
slope mountain breeze increases in intensity, reaching ~ 
its peak in the early morning hours, usually just before i 
sunrise. In the Northern Hemisphere, valley breezes - 
are particularly well developed on south-facing 
slopes, where sunlight is most intense. On partially 
shaded north-facing slopes, the upslope breeze may be 
weak or absent. Since upslope winds begin soon after 
the sun’s rays strike a hill, valley breezes typically, 
begin first on the hill’s east-facing side. In the late af- 
ternoon, this side of the mountain goes into shade first, 
producing the onset of downslope winds at an earlier 
time than experienced on west-facing slopes. Hence, it’ 
is possible for campfire smoke to drift downslope on 
one side of a mountain and upslope on the other side. 

When the upslope winds are well developed and 
have sufficient moisture, they can reveal themselves’ 
as building cumulus clouds above mountain summits ` 
(Fig. 11.27). Since valley breezes usually reach their 
maximum strength in the early afternoon, cloudiness, 
showers, and even thunderstorms are common over 

, mountains during the warmest part of the day—a fact 
well known to climbers, hikers, and seasoned moun- 
tain picnickers. 


| 


- KATABATIC WINDS Although any downslope wind is 
technically a katabatic wind, the name is usually re: | 


i of A : 


served for downslope winds-that are much stronger 
than mountain breezes. Katabatic (or fall) winds can 


rush down elevated slopes at hurricane speeds, but 
most are not that intense and many are on the order of 
10 knots or less. | 

The ideal setting for a katabatic wind is an elevated 


_ plateau surrounded by mountains, with an opening 
that slopes rapidly downhill. When winter snows ac- 
cumulate on the plateau, the overlying air grows ex- 
tremely cold and a shallow dome of high pressure 


forms near the surface (Fig. 11.28). Along the edge of 
the plateau, the horizontal pressure gradient force is 
usually strong enough to cause the cold air to flow 
across the isobars through gaps and saddles in the. 
hills’ Along the slopes of the plateau, the wind con- 
tinues downhill as a gentle or moderate cold breeze. UF 
the horizontal pressure gradient increases substan- 
tially;such as when a storm approaches, orifthe wind 


| is confined to a narrow canyon or channel, the flow of 


air can increase; often destructively, as cold air rushes 
downslope like water flowing over a fall. l 
_ Katabatic winds are observed in various regions of 
the world. For example, along the northern Adriatic 
coast in Yugoslavia, a polar invasion of cold air from 
the Soviet Union descends the slopes from a: high 
plateau and reaches the lowlands as the bora — à cold, 
gusty, northeasterly wind with speeds sometimes in 
excess of 100 knots: A similar, but often less violent, 
cold wind known as the mistral descends the western 
mountains into the Rhone Valley of France, and then 
out over the Mediterranean Sea. It frequently causes 
frost damage to exposed vineyards and makes people 
bundle up in the otherwise mild climate along the 
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FIGURE 11.27 As mountain slopes warm during the day, air rises and often condenses into 
cumuliform clouds, such as these. 


Riviera. Strong, cold katabatic winds also blow down- 
slope off the icecaps in Greenland and Antarctica oc- 
casionally, with speeds greater than 100 knots. . 

In North America, when cold air accumulates over 
the Columbia plateau, it may flow westward through 
the Columbia River Gorge as a strong, gusty, and some- 
times violent wind. Even though the sinking air 
warms by compression, it is so cold to begin with that 
it reaches the ocean side of the Cascade Mountains 


much colder than the marine air it replaces. The Co-* 


lumbia"Gorge wind is often the harbinger of a pro- 
longed cold spell. ; 

Strong downslope katabatic-type winds funneled 
through a mountain canyon can do extensive damage. 
For example, during January, 1984, a ferocious down- 
slope wind blew through Yosemite National Park at 
speeds estimated at 100 knots. The wind toppled trees 
and, unfortunately, caused a fatality when a tree fell 
on a park employee sleeping in a tent. l 


CHINOOK (FOEHN).WINDS The chinook wind is a 
warm, dry wind that descends the eastern slope of the 
Rocky Mountains. The region of the chinook is rather 
narrow (only several hundred kilometers wide) and 
extends from northeastern New Mexico northward 
into Canada. Similar winds occur along the leeward 


slopes of mountains in other regions of the world. In 
the Alps, for example, such a wind is called a foehn - 
and, in Argentina, a zonda. When these winds move 
through an area, the temperature rises sharply, some- 
times over 20°C (36°F) in one hour, and a correspond- 
ing sharp drop in the relative humidity occurs, OCCA- 
sionally to less than 5 percent. (More information on 
temperature changes associated with chinooks is 
given in the Focus section on p. 292.) = 
Chinooks occur when strong westerly winds aloft 
flow over a north-south-trending mountain range, | 
such as the Rockies and Cascades. Such conditions 
(described in Chapter 14) can produce a trough of low 
pressure on the mountain's eastern side, a trough that” 
tends to force the air downslope. As the air descends, ` 
it is compressed and warms at the dry adiabatic rate 


BGF 


High pressure 


, Tu High plateau 


FIGURE 11.28 The formation of a katabatic wind. 
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Chinooks are thirsty winds. As they move 
over a heavy snow cover, they can melt 
and evaporate a foot of snow in less than 
aday. This has led to some tall tales about 
these so-called “snow eaters.” Canadian 
folklore has it that a sled-driving traveler 
once tried to outrun a chinook. During the 
entire ordeal his front runners were in 
snow while his back runners were on bare 
soil. 
Actually, the chinook is important 
economically. It not only brings relief from 
the winter cold, but it uncovers prairie 
grass, so that livestock can graze on the 
open range. Also, these warm winds have 
kept railroad tracks clear of snow, so that 
trains can keep running. On the other 
hand, the drying effect of a chinook can 
create an extreme fire hazard. And whena 
chinook follows spring planting, the seeds 
may die in the parched soil. Along with the 
dry air comes a buildup of static electricity, 
making a simple handshake a shocking 
experience. These warm, dry winds have 
sometimes adversely affected human 
behavior. During periods of chinook winds 
some people feel irritable and depressed 
` and others become ill. The exact reason 
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Figuro 4 Cities near the warm air—cold air boundary can experience sharp temperature 
changes, if cold air should rock up and down like water in a bowl. 


for this phenomenon is not cleariy 


- understood. 


‘Chinook winds have been associated 
with rapid temperature changes. Figure 4 
shows a shallow layer of extremely cold air 
that has moved southward out of Canada 
and is now resting against the Rocky 
Mountains. In the cold air, temperatures 
are near — 15°C (5%), while just a short 
distance up the mountain a warm chinook 


_ wind raises the air temperature to 7°C 


(45°F). The cold air behaves just as any 
fluid, and, in some cases, atmospheric 


conditions may cause the air to move up | 


and down much like water does when a 
bowl is rocked back and forth. This can 


cause extreme temperature variations for 


_(10°C/km). So the main source of warmth fora chinook. 
is compressional heating, as potentiall 
drier) air is brought down from aloft. 

When clouds and precipitation occur on the moun: 


cities located at the base of the hills along 
the periphery of the cold air-warm air 
boundary, as they are alternately in and 
then out of the cold air. Such a situation is 
held to be responsible for the unbelievable 
two-minute temperature change of 27°C 
(49°F) recorded at Spearfish, South 
Dakota, during the moming of January 22, 
1943. On the same morning, in nearby 
Rapid City, the temperature fluctuated 


- from —20°C (—4°F) at 5:30 a.m. to 12°C 


(54°F) at 9:40 A.M., then down to —12°C 
(11°F) at 10:30 a.m. and up to 13°C (55°F) 
just 15 minutes later. At nearby cities, the 
undulating cold air produced similar 
temperature variations that lasted for 
several hours. l 


y warmer (and 


tain’s windward side, they can enhance the chinook. 
For example, as the cloud forms on the windward side 

of the mountain in Fig. 11.29, the conversion of latent 

heat to sensible heat supplements the compressional 

heating on the leeward side. This phenomenon makes 

the descending air at the base of the mountain on the 

leeward side warmer than it was before it started its 

upward journey on the windward side. The air is also 

drier, since much of its moisture was removed as pre- 

cipitation on the windward side.  —_—- : . 
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FIGURE 11.29 Conditions that may enhance a chinook. 
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ing strong winds in foothill ¡ll communit 
11.30 shows how a chinook wall cloud appears as one 
looks west toward the Rockies from the Colorado 


plains. The photograph was taken on a winter after- 


noon with the air temperature about —7°C (20°F). That 
evening, the chinook moved downslope at high 
speeds through foothill valleys, picking up sand and 
pebbles (which dented cars and cracked windshields). 
The chinock spread out over the plains like a warm 
blanket, raising the air temperature the following day 
to a mild 15°C (59°F). The chinook and its wall of 
clouds remained for several days, bringing with it a 
welcomed break from the cold grasp of winter. 


ando Valley. The wind often blows with ex- 
ceptional speed in the Santa Ana Canyon (the canyon 
from which it derives its name). — 


San Ferna 


ndo Va 


air is dry, since it ori 
out even more as İt is heated. Figure 11.31 shows a typ- 
ical wintertime Santa Ana situation. 


ae 


dust and an 2s out vegetation: This sets the 
stage for serious brush fires, especially in autumn, 
when chaparral-covered hills are already parched 
from the dry summer.* One such fire in November of 
1961—the infamous Bel Air fire—burned for three 
days, destroying 484 homes and causing over $25 mil- 
lion in damage. During October, 1977, Santa Ana- 
driven flames scorched 25,000 acres along a 10-mile- 
wide swath across the Santa Monica Mountains, 


*Chaparral denotes a shrubby environment, in which many of the 
plant species contain highly flammable oils. 
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FIGURE 11.31, Surface weather map showing Santa Ana conditions 
for January 17, 1976. Maximum temperatures for this day are given in 


°F. Observe that the downslope winds blowing into Southem California i 


raised temperatures into the upper 80s, while elsewhere temperature 
readings were much lower. 


destroying 91 homes collectively valued at several 
million dollars. To the north in Santa Barbara, a Santa 
Ana-like wind was responsible for the disastrous fire | 

` of July 26 and 27,1977. Ina canyon east of the town, a 
box kite burst into flames after touching a power line. 
The burning kite fell to the ground, and an east wind 
fanned and spread the fire over the hills. In just two ` 
days, over 300 buildings were totally destroyed, with 
an estimated loss exceeding $50 million. 

Fierce Santa Ana winds (gusting over 65 knots) dur- 
ing December, 1988, toppled six trucks on highways 
east of Los Angeles and snapped power lines, cutting 
off electricity to 300,000 people. Meanwhile, wind- 
swept flames destroyed over 70 structures, causing 
more than $15 million in damage. , = 

With the protective vegetation cover removed, the 
land is ripe for erosion, as winter rains wash away top- 
soil and, in some areas, create serious mudslides. The 
adverse effects of a wind-driven Santa Ana fire may be 
felt.throughout the year. om . 

A similar wind called a California norther can pro- 
duce unbearably high temperatures in the northern 
half of California’s Central Valley. On August 8, 1978, 
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FIGURE 11.32 This satellite picture shows the effects of a Santa Ana 
wind. As a forest fire rages in the hills east of Los Angeles, astrong Santa 


` Ana wind blows smoke from the fire first over the city, then out to sea. 


| 


for example, a ridge of high pressure formed to the 
north of this region, while a thermal low was well en- 


, trenched to the south. This pressure pattern produced 


a north wind in the area. A summertime north wind in 
most parts of the country means cooler weather and a 
welcome relief from a hot spell, but not in Red Bluff, 
California, where the winds moved downslope off the 
mountains. Heated by compression, these winds in- 
creased the air temperature in Red Bluff to an unbe- 
lievable 48°C (119°F) for two consecutive days— 
amazing when you realize that Red Bluff is located at 
about the same latitude as Philadelphia! 


DESERT WINDS Local winds form in deserts, too. Dust 
storms form in dry regions, where strong winds are 
able to lift and fill the air with particles of fine dust/In | 
desert areas where loose sand is more prevalent, sand- , 
storms develop, as high winds enhanced by surface 
heating rapidly carry sand particles close to the 
ground. A spectacular example of a storm composed 
of dust or sand is the haboob (from Arabic hebbe: 
blown). The haboob forms as cold downdrafts along - 
the leading edge of a thunderstorm lift dust or sand 


into a huge, tumbling dark cloud that may extend hori- 
zontally for over 150 km and rise vertically to the base 


of the thunderstorm (Fig. 11.33). Spinning whirl- 


winds of dust frequently form along the turbulent cold 


air boundary, giving rise to sightings of huge dust: 


devils and even tornadoes. Haboobs are most common 
in the African Sudan (where about 24 occur each year) 
and in the desert southwest of the United States, espe- 
cially in southern Arizona. 


The spinning vortices so commonly seen on hot 


days in dry areas are called whirlwinds, or dust devils. 
(In Australia, the Aboriginal word willy-willy is used 
to refer to a dust devil.) Generally, dust devils form on 
clear, hot days, as warm air rises above a heated sur- 
face.Wind, often deflected by small topographic bar- 


riers, flows into this region, rotating the rising air. De- * 


pending on the nature of the topographic feature, the 
spin of a dust devil around its central eye may be cy- 


clonic or anticyclonic, and both directions occur with’ 


about equal frequency. . 
Having diameters of only a few meters and heights 


of less than a hundred meters, most dust devils are 


small and last only a short time. (See Fig. 11.34.) There 
are, however, some dust devils of sizable dimension, 
extending upward from the surface for many hun- 
dreds of meters. Such whirlwinds are capable of con- 
siderable damage; winds exceeding 75 knots may 
overturn mobile homes and tear the roofs off build- 
ings. Fortunately, the majority of dust devils are small. 
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FIGURE 11.34 A dust devil forming on a clear, hot summer day just 
south of Phoenix, Arizona. 


FIGURE 11.33 Ahaboob approaching Phoenix, Arizona, from the southeast shortly after 6:00 P.M. 
on July 23, 1972. The height of the dust cloud is rising about 450 m (1475 ft) above the valley floor. 
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There are other desert winds that deserve mention- © 


ing. Winds originating over the Sahara Desert are 
given local names as they move into different regions. 


For example, the normal flow of surface air over North: 


Africa is from the north; however, when a storm sys- 
tem is located west of Africa or southern Spain (posi- 
tion 1, Fig. 11.35), a hot, dry, and dusty easterly or 
southeasterly wind—the leste—blows over Morocco 
and out into the Atlantic. If the wind crosses the Med- 
iterranean, it becomes the leveche when it enters 
southern Spain. Because of the short time it is over 
water, the leveche remains hot and dry. 

- When a low-pressure center is located at position 2, 
a warm, dry, dust-laden south or southeast wind origi- 
nates over the Sahara Desert and blows across North 
Africa. This wind is knownas the sirocco. As it moves 


over the Mediterranean, it picks up moisture and ar- 


rives in Sicily and southern Italy as a warm but more 
humid wind. 


A storm located still farther to the east (position 3)’ 


can cause a dry, hot southerly wind—the khamsin— 
to blow over Egypt, the Red Sea, and Saudi Arabia. In 
Israel, this wind is called the sharav: These winds are 
_ exceedingly hot'and can raise the air temperature to 


50°C (122°F), while lowering the relative humidity to . 


less than 10 percent. Because storm systems are not 
common over the Mediterranean in summer, scorch- 
ing breezes such as these occur in spring or fall. 
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¢ FIGURE 11.35 Local winds that originate over North Africa. _ 
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OTHER LOCAL WINDS OF INTEREST Up to now, we have 
examined the causes of some mesoscale wind systems 
recognized more than just locally. Other local winds 
are known by various names in different locales. Let’s 


look at some examples. 
In winter, when an intense storm tracks east across . 


the Great Plains of North America, cold northerly 
winds often plunge southward behind it. As the cold 
air moves through Texas, it may drop temperatures 
tens of degrees in a few hours. Such a cold wind is 
called a Texas norther, or blue norther, especially if 
accompanied by snow. If the cold air penetrates into 
Central America, it is known as a norte. Meanwhile, if 


the strong, cold winds over the plains states are ac- 


companied by drifting, blowing, or falling snow, the 
term blizzard is applied to this weather situation. 
When a storm develops or intensifies off the eastern 
seaboard of North America, and moves northeastward 
along the coast, it causes strong northeasterly winds 
along coastal areas. These northeasters (or nor’east- 
ers) usually bring heavy rain, snow, or sleet and gale 
force winds, which frequently attain maximum inten- 
sity off the coast of New England: The northeaster of 
March, 1984, produced strong northeasterly winds 
from Virginia to Maine. (See Fig. 11.36.) Huge waves 
reaching heights of 6 m (20 ft) accompanied by winds 
gusting to 80 knots pounded the shoreline, causing ex- 
tensive damage to beaches, beach front homes, sea- 
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FIGURE 11.36 The surface weather map for 7:00 A.M. (E.S.T.) March 
29, 1984, shows an intense low-pressure area (central pressure below 
972 mb, or 28.70 in.), which is generating strong northeasterly winds 
from the mid-Atlantic states into New England. This northeaster 
devastated a wide area of the eastern seaboard, causing almost 

$1 billion in damage. (Dashed line with arrows shows the storm's path.) 


walls, and boardwalks. Recent studies suggest that. 


some of these northeasters, which batter the coastline 
in winter, may actually possess some of the charac- 
“teristics of a tropical hurricane. (See Chapter 17.) 

Local winds that also deserve attention are the 
strong down-mountain winds that blow along the 
éastern slopes of the Rockies. Such winds are espe- 
cially notorious in winter in Boulder, Colorado, where 
the average yearly windstorm damage is about $1 mil- 
lion. These Boulder winds have been recorded at over 
100 knots, damaging roofs, uprooting trees, overturn- 
ing mobile homes and trucks, and sandblasting car 
windows. Although the causes of these high winds are 
not completely understood, some meteorologists be- 
lieve that they may be associated with large vertically 


oriented spinning whirls of air that some scientists 


“call mountainadoes. How these rapidly rotating vor- 
tices form is presently being investigated. 

Table 11.1 lists winds of local significance observed 
in other regions of the world. 
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TABLE 11.1 M Local Winds of the World 


DESCRIPTION 
COLD WINDS 


buran astrong, cold wind that blows over the 


Soviet Union and central Asia 


` purga a buran accompanied by strong winds 
and blowingsnow 


pampero acold wind blowing from the south over 
Argentina, Uruguay, and into the 


Amazon Basin 


burga -acold northeasterly wind in Alaska 
usually accompanied by snow; similar 
to the buran and purga of the Soviet Union 


bise generallya cold north or northeast wind 
that blows over southern France; often 
brings damaging spring frosts 

acold northeasterly wind along the 
Pacific coast of Nicaragua and Guate- 
mala; occurs when a cold air mass over- 
rides the mountains of Central America 


tehuantep-.: astrong wind from the north or north- 

ecer - west funneled through the gap between 
the Mexican and Guatemalan moun- 
tains and out into the Gulf of Tehuan- 

tepec 


papagayo 


MILD WINDS 


levanter amild, humid, and often rainy east or 
northeast wind that blows across 
southern Spain La; 

harmettan adry, dusty but mild wind from the 


northeast or east that originates over the 
cool Sahara in winter and blows over the 
west coast of Africa; brings relief from 

the hot, humid weather along the coastal 
region . 


HOT WINDS 


simoom a strong, dry, and dusty desert wind that 
blows over the African and Arabian 
deserts; name means “poison wind” 
because it is often accompanied by tem- 
_ peratures in excess of 52°C (125°F), 


which may cause heat stroke 
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- In this chapter, we have concentrated on microscale 


and mesoscale winds. In the beginning of the chapter, 
we considered both how our environment influences 
the wind and how the wind influences our environ- 


ment. We saw that the friction of airflow—viscosity— 


can be brought about by the random motion of air mol: 


ecules (molecular viscosity) or by turbulent whirling ` 


eddies of air (eddy viscosity). The depth of the atmo- 
spheric layer near the surface that is influenced by sur- 
face friction (the friction layer) depends upon atmo- 
spheric stability, the wind speed, and the roughness of 
the terrain. Although it may vary, the top of the fric- 
tion layer is usually near 1000 m. | 

Winds blowing past obstructions can produce a 
number of effects, from gusty winds at a sports 
stadium to howling winds on a blustery night. Aloft, 
winds blowing over a mountain range may generate 
hazardous rotors downwind of the range. And the ed- 
dies that form in a region of strong wind shear, espe- 
cially in the vicinity of a jet stream, can produce ex- 
treme turbulence, even in clear air. 

Wind blowing over the earth’s surface can create a 
variety of features. In deserts, we see sand dunes, ven- 
tifacts, and desert pavement. Over a snow surface, the 
wind produces snow ripples and snow rollers. Where 
high winds blow over a ridge, trees may be sculpted 
into “flag” trees. In unprotected areas, shelterbelts are 


planted to protect crops and soil from damaging’ 


winds. 


We have also examined winds on a slightly larger ` 


scale. Land and sea breezes are true mesoscale winds 
\ 
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that blow in response to local pressure differences 
created by the uneven heating and cooling rates of 
land and water. When winds move across a large body 
of water, they often change in speed and direction. 
Where the winds change direction seasonally, they are 
termed monsoon winds. Monsoon winds exist in 


many parts of the world, including North America, © 


Asia, Australia, and Africa. 

Local winds that blow uphill during the day are 
called valley breezes and those that blow downhill at 
night, mountain breezes. A strong, cold downslope 
wind is the katabatic (or fall) wind. Examples of 
katabatic winds are the bora in Yugoslavia and the 
mistral in France. 

A warm, dry wind that descends the eastern side of 
the Rocky Mountains is the chinook. The same type of 
wind in the Alps is called a foehn. A warm, dry down- 
slope wind that blows into Southern California from 
the east or northeast is the Santa Ana wind. | 

Local intense heating of the surface can produce 
small rotating winds, such as the dust devil, while 
downdrafts in a thunderstorm are responsible for the 
desert haboob. Some winds, such as the blizzard, are 
snow-bearing, while others, such as the sirocco, are 
dust-bearing. Finally, the wind's name may express 

¡the direction from which it blows (the Texas norther), 


_or it may represent the region that it blows from (the 


Santa Ana). 


E KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


scales of motion Viscosity: . 


microscale mechanical turbulence 
mesoscale friction layer — m 
synoptic scale thermal turbulence 
global scale © Totors 


macroscale wind shear 


clear air turbulence (CAT) 
snow rollers 
shelterbelts (windbreaks) 
wind waves 

- onshore wind 
offshore wind 
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prevailing wind thermal highs mountain breeze 

wind rose thermal lows katabatic (or fall) wind 

wind vane sea breeze chinook wind 

anemometer lake breeze foehn wind 

aerovane (skyvane) land breeze Santa Ana wind 

pilot balloon sea breeze front haboob 

lidar l seiches dust devils (whirlwinds) 

wind profiler monsoon wind system Texas norther. 

thermal circulations valley breeze northeaster 

E QUESTIONS FOR REVIEW 10. With the same wind speed, explain why a camper 


(3) Describe the various scales of motion, and give an 


2. 


example of each. 
How does the earth’s puriape influence the flow of 
air above it? 


. What causes wind gusts? - 
. Why are winds near the surface typically stronger 


and more gusty in the afternoon? 


. A friend has just returned from a trans-Atlantic jet 


aircraft flight and reported that the plane dropped 


- about 1000 m when it entered an “air pocket.” Ex- 


plain to your friend what apparently happened to 
cause this. 


. Explain why the car in the diagram below may ex- 
` perience a west wind as it travels past the wall. 


, _ Wind 
direction 


. Explain the various ways the wind affects vegeta- ' 


tion. 


. What effect does the wind have on a desert envi-. 


ronment? 


. Explain how shelterbelts protect sensitive crops 


from wind damage. 


11. 
12. 


13. 


is more easily moved by the wind than a car. 
What are the necessary conditions forthe develop- 
ment of large wind:waves? 

How can a coastal area have heavy waves on a 
clear, nonstormy day? ' 

If you are standing directly south of a smoke stack 
and the wind from the stack is blowing over your 
head, what would be the wind direction? 


14./An upper wind direction is reported as 315°. From 


2 


15. 


16. 


what compass direction is the wind blowing? 
List as many ways as you can of determining the 
wind direction and the wind speed. 

Below is a list of instruments. Describe how bach 


- one is able to measure wind speed, wind direction, 


or both. 
(a) wind vane 


_(b) cup anemometer 


17. 
18. 
19. 
20. 


Ga. 


22. 


Ta3) 


- 24. 


aerovane (skyvane) _ 

pilot balloon 

radiosonde 

(f) lidar l 

satellite’ 

radar 

(i) wind profiler 

Using a diagram, explain how a thermal circula- 
tion develops. . i 
Why do winds usually change direction and speed 
when moving over a large body of water? 

Discuss the factors that contribute to the formation 
of the summer and winter monsoon in India. 

You are fly fishing in a mountain stream during the 
early morning; would you expect the wind to be 
blowing upstream or downstream? Explain. 
Explain why chinook winds are warm and dry. 
Name some of the benefits of a chinook wind. 
What atmospheric conditions contribute to the de- 
velopment of a strong Santa Ana condition? 


. How do strong katabatic winds form? 
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25. Explain how a Texas norther (or blue norther) dif- 
fers from a northeaster. 
26. Why are haboobs more prevalent in Arizona than 
in Oklahoma? l AS n 
27. In what part of the world would you expect to en- ` 
Counter each of the following winds, and what 
type of weather would each wind bring? 


(a) bora - (e) buran 
(b) mistra .~ (f) bise 

(c) blizzard . (g) sirocco 
.(d) zonda (h) leveche. 


m QUESTIONS FOR THOUGHT 


1. A pilot enters the weather service office and wants 
-` to know what time of the day she can expect to en- 
counter the least turbulent winds at 760 m (2500 
ft) above central Kansas. If you were the weather 
forecaster, what would you tell her? i 
-2. Why is it dangerous during hang-gliding to enter 
the leeward side of the hill when the wind speed is 
strong? MA EE | 

3. After a winter snowstorm, Cheyenne, Wyoming, 
reports a total snow accumulation of 48 cm (19 - 
in.), while the maximum depth in the surrounding 
countryside is only 28 cm (11 in.). Ifthe storm'sin= ~ | 
tensity and duration were practically the same for 
a radius of 50 km around Cheyenne, explain why 
Cheyenne received so much more snow. i 

4. Why is the difference in surface wind speed be- ` 
tween morning and afternoon typically greater on 
a clear, sunny day than ona cloudy, overcast day? 

5. Look at a map of the Pacific Ocean and locate the 
Hawaiian Islands. Where would be the best posi- 
tion (NE, N, or NW) for a large storm to provide 
huge surfing waves for the beaches along the north 
shores? Explain. al ; 

6. Average annual wind speed information in knots 
is given below for two cities located on the Great 
Plains. Which city would probably be the best site 
for a wind turbine? Why? l 


/ 


AVERAGE ANNUAL 

` MID- WINDSPEED 
NIGHT 3 6 9 NOON 3 6 9 (KNOTS) 
CitVA: ¿12 7 8 13 15 i18 14 13 12.5 
City B: 896) 6 3135.20. 2205 10 12.5 


7. Which of the sites (A, B, or C) would probably be 


the best place to construct a wind turbine? Which 
would be the worst? Explain. 


Prevailing 
wind arse * 


A 


. Explain why cities near large bodies of cold water 
in summer | experience well-developed sea 
breezes, but only poorly developed land breezes. 


9. Why do clouds tend to form over land with a sea 


11. 


breeze and over water with a land breeze? 


0. The convergence of two sea breezes in Florida fre- 


quently produces rain showers; the convergence 
of two sea breezes in California does not. Explain. 

If campfire smoke is blowing uphill along the east- 
facing side of the hill and downhill along the west- 


- facing side of the same hill, are the fires cooking 


12. 


l. 


breakfast or dinner? From the drift of the smoke, 
how were you able to tell? 

Why don’t chinook winds form on the east side of 
the Appalachians? 


. Show, with the aid of a diagram, what atmospheric 
and topographic conditions are necessary for an. 


area in the Northern Hemisphere to experience 
hot, summer breezes from the north. 


14. The prevailing winds in southern Florida are 


northeasterly. Knowing this, would you expect 
the strongest sea breezes to be along the east or 
west coast of southern Florida? What about the 
strongest land breezes? 


E PROBLEMS AND EXERCISES ~ 


A model city is to be constructed in the middle ofan 
uninhabited region. The wind rose below shows 


_ the annual frequency of wind directions for this re- 


gion. With the aid of the wind rose, on a square 
piece of paper determine where the following 
should be located: 

(a) industry 

(b) parks 

(c) schools 

(d) shopping centers 


(e) sewage disposal plants 
(f) housing development 
(g) an airport with two runways 


N 
W E 
0 5% 10% 
S Scale 


2. What would be the total force exerted on a camper 


15 feet long and 8 feet high, if a wind of 40 mi/hr 
blows perpendicular to one of its sides? 

. On the map of the United States, label where each of 
the following winds might be observed, then show 
with arrows the general direction of airflow that oc- 
curs with each of the winds. 

(a) Santa Ana wind 

(b) Chinook wind . 

(c) California norther 
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(d) Northeaster _ 

(e) Columbia Gorge wind (downslope) 
(f) Texas norther (blue norther) 

(g) sea breeze along the New Jersey shore 
(h) sea breeze in Los Angeles, California 


. On the same map of the United States, show where 


the centers of atmospheric pressure should be lo- 

cated in order to produce the following winds. 

Place a large L on the map for the center of low pres- 

sure and a large H for the center of high pressure. 

(Be sure to place the letter representing the wind 

next to the L or the H.) 

(a) high-pressure area for a Santa Ana wind 

(b) low-pressure area for a chinook wind 

(c) high-pressure area for a California norther 

(d) low-pressure area for a northeaster 

(e) high-pressure area for a Columbia Gorge wind 
(downslope wind) 


(f) high- and low-pressure areas for a Texas nor- 


ther (blue norther) 


(g) high-pressure area for a sea breeze along the 


New Jersey shore 
(h) low-pressure area for a sea breeze in Los An- 
geles, California 


Color contour maps of monthly outgoing longwave radiation averaged for ten Julys, 1975 to 1985 
(top), and ten Januarys, 1975 to 1985 (bottom). Areas of high emitted radiation near 30° latitude 
(darker red shades) represent regions of the Subtropical anticyclones, where warm, sinking air 
produces relatively few clouds. Areas of low emitted radiation, on either side of the equator (darker 
green shades), represent regions where thunderstorms with high, cold tops tend to form along a 
boundary called the Intertropical Convergence Zone. The seasonal shift in color illustrates that these 
features (part of the earth's general circulation pattem) annually migrate north-south. (Units in color 
scale are W/m?.) (Courtesy of T. Dale Bess, G. Louis Smith, and Thomas P. Charlock, A Ten-year 
Monthly Data Set of Outgoing Longwave Radiation from Nimbus-6 and Nimbus-7 Satellites, Bulletin 
of the AMS, vol. 70, no. 5, May 1989, ` e 
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WIND: GLOBAL SYSTEMS 


One sunny August morning three vessels set sail from Palos, 
Spain, on an established course. After halting at the Canary 
Islands (about 30°N) for a few days, the vessels sailed due west. 
For most of their Atlantic journey, steady winds from the 
northeast filled their sails and blew them along at a hundred 
miles a day. They were quite fortunate. The steady northeast . 
winds had edged unusually far north this year, and only for 
about ten days or so did the vessels encounter the light, variable 
winds more typical of this region—a notorious region where, . 
years later, ships were frequently becalmed under a blistering 
hot sun. And on October 12, 1492, the flotilla landed on a small 
island in the Bahamas. Christopher Columbus had not only 
found a route to the New World, he had discovered the trade 
winds—the steady northeast winds that are an integral part of 
the world’s global wind system. E 


In Chapter 11, we learned that local winds vary con- 

siderably from day to day and from season to season. 

As you may suspect, these winds are part of a much 

larger circulation—the little whirls within larger 
whirls that we spoke of before. Indeed, if the rotating 
high- and low-pressure areas are like spinning eddies 

in a huge river, then the flow of air around the globe is 

like the meandering river itself. When winds through- 
out the world are averaged over along period, the local 

wind patterns vanish, and what we see is a picture of 
the winds ona global scale—whatis commonly called 
the general circulation of the atmosphere. Just as the 

eddies in a river are carried along by the overall flow of 

water, so the highs and lows in the atmosphere are 

‘swept along by the general circulation. We will exam- 

ine this large-scale circulation of air, its effects and its 

features, in this chapter. 


E. GENERAL CIRCULATION OF THE ATMOSPHERE 


Before we study the general circulation, we must re- 


“member that it only represents the average air flow 
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: Equator 


Hadley cell 
| 
Hadley cell l 


FIGURE 12.1 The general circulation of air on a nonrotating earth uniformly covered with water 


(with the sun directly above the equator). 


around the 
_at any given time may vary considerably from this av- 
erage. Nevertheless, the average can answer why and 
how the winds blow around the world the way they 


_ do—why, for example, prevailing surface winds are’ | 
northeasterly in Honolulu and westerly in New York ` 
City. The average can also give a picture of the driving - 


«mechanism behind these winds, as well as a model of 
how heat and momentum are transported from 
equatorial regions poleward, keeping the climate in 
middle latitudes tolerable. 

The underlying cause of the gene 
the unequal heating of t e earth's surface. We learned 
in Chapter 4 that, averaged over the entire earth, in= 


coming solar radiation is roughly equal to outgoing’ 


earth radiation. However, we also know that this 
energy balance is not maintained for each latitude, 
since the tropics experiencea net gain in Peete 
polar regions suffer a net loss. To balance these in- 
equities, the atmosphere transports warm air pole- 
ward and cool air equatorward. Although seemingly 


simple, the actual flow of air is complex; certainly not — 


everything is known about it. In order to better under- 


yorld? Actual winds at any one place and 


stand it, we will first look at some models (that is, ar- 
tificially constructed analogies) that eliminate some of 


_ the complexities of the general circulation. 


-SINGLE-CELL MODEL The first model is the single-cell 


in which we assume ti 


that the earth’s surface is 
ly covered with wate 


that differential 


play. We will further assume that the sun is always di- - 
rectly over the equator, so that the winds will not shift 
seasonally. Finally, we assume that the earth does not. 
rotate, so that the only force we need deal with is the | 
pressure gradient force. With these assumptions, the, 
general circulation of the atmosphere would look 
much like'Fig, 12.1, a huge thermally driven convec-" 
Al 

- This is the Hadley cell (named after the eighteenth- 
century English meteorologist George Hadley, who 


first proposed the idea). Itis drive: 1 by energy from l 
p en 


ur LOT! : 9 
- heating between land and water does not come into _ 


a broad region of surface low pressure, 
SS 


sun. Excessive heating of the > equatorial area produces 
while a 
poles excessive cooling creates a region of surface hi 
pressure. In response to the horizontal pressure gra- 


dient, cold surface polar air flows equatorward, while 
at higher levels air flows toward the poles. The entire 
circulation consists of rising air near the equator, sink- 
ing air over the poles, an equatorward flow of air near 
the surface, with a return flow aloft. In this manner, 
some of the excess energy of the tropics is transported 
as sensible and latent heat to the regions of energy 
deficit at the poles. =. 

Such a simple cellular circulation as this does not 
actually exist on the earth. For one thing, the earth ro- 
tates, so the Coriolis force-would deflect the south- 
ward-moving surface air in the Northern Hemisphere 
to the right, producing easterly surface winds at prac- 
tically all latitudes. These winds would be movingina 
direction opposite to that of the earth’s rotation and, 
due to friction with the surface, would slow down the 
earth’s spin. We know that this does not happen and 
that prevailing winds in middle latitudes actually 
blow from the west. Therefore, observations alone tell 
us that a closed circulation of air between the equator 


AS 


Polar high 


Ferrel cell 


60° 
cell i 


(a) 


on Polar front 
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and the poles is not the proper model for a rotating 
earth. (Models that simulate air flow around the globe 
have also verified this.) How, then, does the wind 
blow on arotating planet? To answer, we will keep our 
model simple by retaining our first two assumptions— 
that is, that the earth is covered with water and that the 
sun is always directly above the equator. 


THREE-CELL MODEL If we allow the earth to spin, the 
simple convection system breaks in to a series of rotat- - 


ing cells as shown in Fig. 12.2a. Although this model 


is considerably more complex than the single-cell 


ere, three cells instead of one - 
nergy redistribution. A surface high- 
ocated at the p 


h of surface p l 
equa From the equator to latitude 30°, the circula- 


tion c osely resembles that of a Hadley cell. Let’s look 


Horse 
latitudes 


NE trade w 


~~ 


(b) 


FIGURE 12.2 Diagram (a) shows the idealized wind and surface pressure distribution overa 
__ uniformly water-covered rotating earth. Diagram (b) gives the names of surface winds and pressure- 


systems over a uniformly water-covered rotating earth. 
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at this model more closely by examining what hap- 
pens to the air above the equator. (Refer to Fig. 12.2 as 
you read the following section.) | 

‘Over equatorial waters, the air is warm, horizontal 
pressure gradients are weak, and winds are light. This 
region is referred to as the doldrums. (The monotony 
of the weather in this area has given rise to the expres- 
sion “down in the doldrums.”) Here, warm air rises, 
often condensing into huge cumulus clouds and thun- 
derstorms called convective “hot” towers because of 
the enormous amount of latent heat they liberate. This 


heat makes the air more buoyant and provides energy | 


to drive the Hadley cell. The rising air reaches the: 


tropopause, which acts like a barrier, causing the air to’ 
move laterally toward the ‘poles. The Coriolis force. 
deflects this poleward flow toward the right in the’ 


Northern Hemisphere and to the left in the Southern 
Hemisphere, providing westerly winds aloft in both 
hemispheres: (We will see later that these westerly 
winds reach maximum velocity and produce jet 
streams near 30° and 60° latitudes.) r 

Air moving poleward from the tropics constantly 


cools by radiation, and at the same time it also begins’ 


to converge, especially as it approaches the middle 


latitudes.* This convergence (piling up) of air aloft in-» 


creases the mass of air above the surface, which in turn 
causes the air pressure at the surface to increase. 
Hence, at latitudes near 30°, the convergence of air 
aloft produces belts of high pressure called subtropi- 
cal highs (or anticyclones). As the ‘converging, rela- 


tively dry, air above the highs slowly descends, it ` 


warms by compression. This subsiding air produces! 
generally clear skies and warm surface temperatures; 
hence, it is here that we find the major deserts of the 
` world. Over the ocean, the weak pressure gradients in 
the center of the high produce only weak winds. Ac- 
cording to legend, sailing ships traveling to the New 
World were frequently becalmed in this region; and, 
as food and supplies dwindled, horses were either 
thrown overboard or eaten. Asa consequence, this re- 
gion is sometimes called the horse latitudes. 

From the horse latitudes, some of the surface air 
moves back toward the equator. It does not flow 
straight back, however, because the Coriolis force de- 


*You can see why the air converges if you havea globe of the world. 
Put your fingers on meridian lines at the equator and then follow 
the meridians poleward. Notice how the lines and your fingers 
bunch together in the middle latitudes. 


flects the air, causing it to blow from the northeast in 
the Northern Hemisphere and from the southeast in 
the Southern Hemisphere. These steady winds pro- 
vided sailing ships with an ocean route to the New 
World; hence, these winds are called the trade winds. 
Near the equator, the northeast trades converge with 


the southeast trades along a boundary called the inter- 


tropical convergence zone (ITCZ). In this region of 
surface convergence, air rises and continues its cellu- 
lar journey. pE 

Meanwhile, at latitude 30°, not all of the surface air 
moves equatorward. Some air moves toward the poles 
and deflects toward the east, resulting in a more or less 
westerly air flow—called the prevailing westerlies, or, 
simply, westerlies—in both hemispheres. Conse- 
quently, from Texas northward into Canada, it is 
much more common to experience winds blowing out 
of the west than from the east. The westerly flow is not 


constant; migrating areas of high and low pressure 


break up the surface flow pattern from time to time. 
As this mild air travels poleward, it encounters cold 
air moving down from the poles.These'two air masses 
of contrasting temperature do not readily mix. They 
are separated by a boundary called the polar front, a 
zone of low pressure—the subpolar low—where sur- 
face air converges and rises and storms develop. Some 
of the rising air returns at high levels to the horse 
latitudes, where it sinks back to the surface in the vi- 
cinity of the subtropical high. This middle cell (called 
the Ferrel cell, after the American meteorologist 
William Ferrel) is completed when surface air from 
the horse latitudes flows poleward toward the polar 
front. | AS 
Behind the polar front, the cold air from the poles is 


+ deflected by the Coriolis force, so that the general flow 
of air is northeasterly. Hence, this is the region of the 
polar easterlies. In winter, the polar front with its cold 


air can move into middle and subtropical latitudes, 
producing a cold polar outbreak. Along the front, a 
portion of the rising air moves poleward, and the 
Coriolis force deflects the air into a westerly wind at 
high levels. Air aloft eventually reaches the poles, 
slowly sinks to the surface, and flows back toward the 
polar front, completing the weak polar cell. 

We can summarize all of this by referring back to 
Fig. 12.2 and noting that, at the surface, there are two 
major areas of high pressure and two major areas of 
low pressure. Areas of high pressure exist near - 
latitude 30° and the poles; areas of low pressure exist | 


over the equator and near 60° latitude in the vicinity of 
the polar front: By knowing the way the winds blow 
around these systems, we have a generalized picture 


of surface winds throughout the world. The trade +: 


winds extend from the subtropical high to the equator, 
the westerlies from the subtropical high to the polar 
front, and the polar easterlies from the poles to the 
polar front.” ( 

How does this three-cell model compare with actual 
observations of winds and pressure? We know, for 
example, that upper-level winds at middle latitudes 
generally blow from the west. The middle Ferrel cell, 
however, suggests an east wind aloft as air flows equa- 
torward. Hence, discrepancies exist between this 
model and atmospheric observations. This model 
does, however, agree closely with the winds and pres- 
sure distribution at the surface, and so we will exam- 
ine this next. l 


AVERAGE SURFACE WINDS AND PRESSURE: THE REAL 
WORLD When we examine the real world with its 
continents and oceans, mountains and ice fields, we 
obtain an average distribution of sea level pressure 
and winds for January and July, as shown in Figs. 12.3. 
Even though these data are based on sparse observa- 
tions, especially in unpopulated areas, we can see that 
there are regions where pressure systems “appear to 
persist throughout the year. These systems are re- 
ferredto as semipermanent highs and lows because 
they move only slightly during the course of a year. 
In Fig. 12.3a, we can see that there are four semiper- 
manent pressure systems in the Northern Hemisphere 
during January. In the eastern Atlantic, between 
latitudes 25° and 35°N is the Bermuda— Azores high, 


and, in the Pacific Ocean, its counterpart, the Pacific ` 


high. These are the subtropical anticyclones that de- 
velop in response to the convergence of air aloft near 
an upper-level jet stream. Since surface winds blow 
clockwise around these systems, we find the trade 
winds to the south and the prevailing westerlies to the 
north. In the Southern Hemisphere, where there is rel- 
atively less land area, there is less contrast between 
land and water, and the subtropical highs show up as 
‘well-developed systems with a clearly defined circu- 
lation. | i 

Where we would expect to observe the polar front 
(between latitudes 40° and 65°), there are two semiper- 
'mañnent subpolar lows. In the North Atlantic, there is 
the Icelandic low, which covers Iceland and southern 
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Greenland, while the Aleutian low sits over the Aleu- 
tian Islands in the North Pacific. These zones of cy- 
clonic activity actually represent regions where 
numerous storms, having traveled eastward, tend to 
converge, especially in winter. In the Southern Hemi- 
sphere, the subpolar low forms a continuous trough 
that completely encircles the globe. 

On the January map, there are other pressure sys- 
tems, which are not semipermanent in nature. Over 
Asia, for example, there is a huge (but shallow) ther- 
mal anticyclone called the Siberian high, which forms 
because of the intense cooling of the land. South of 
this system, the winter monsoon shows up clearly, as 
air flows away from the high across Asia and out over 
the ocean. A similar (but less intense) anticyclone is 
evident over North America. i= 

As summer approaches, the land warms and the 
cold, shallow highs disappear. In some regions, areas 
of surface low pressure replace areas of high pressure. 
The lows that form over the warm land are thermal * 
lows. On the July map (Fig. 12.3b), warm thermal lows 
are found over the desert southwest of the United 
States and over the plateau of Iran. Notice that these 
systems are located at the same latitudes as the sub- 
tropical highs. We can understand why they form 
when we realize that, during the summer, the subtrop-— 
ical high-pressure belt girdles the world aloft near 30° 
latitude (Fig. 12.4b). Within this system, the air sub- 
sides and warms, producing clear skies (which allow 
intense surface heating by the sun). This air near the 
ground warms rapidly, rises only slightly, then flows 
laterally several hundred meters above the surface. 
The outflow lowers the surface pressure and, as we 
saw in Chapter 11, a shallow thermal low forms. The 
thermal low over India, also called the monsoon low, 
begins when the continent of Asia warms. As the low 
intensifies, warm, moist air from the ocean is drawn 
into it, producing the wet summer monsoon so charac- 
teristic of India and Southeast Asia. Where these sur- 
face winds converge with the general westerly flow, 
rather weak monsoon depressions form. These en- 
hance the position of the monsoon low on the July 
map. | | 

When we compare the January and July maps, we 
can see several changes in the semipermanent pres- 


sure systems. The strong subpolar lows so well de- 


veloped in January over the Northern Hemisphere are 
hardly discernible on the July map. The subtropical * 
highs, however, remain dominant in both seasons. Be- 


308 E CHAPTER 12 WIND: GLOBAL SYSTEMS 


g yr » 
Aleutian SL) : 


90 


(a) January Longitude 


FIGURE 12.3 Average sealevel pressure distribution and surface wind-flow patterns for January (a) 
and for July (b). The heavy dashed line represents the position of the ITCZ. 


are reflected on these upper-air charts. On the January 
map, for example, both the Icelandic low and Aleutian 
low are located to the west of their surface counter- 
parts. On the July map, ubtropical hi sure 


nde las x Fig Os LA 
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nuary, me zone aro hiram Beating ifs 
easonally. In response to this, the major pressure sys- 
W. l ; dashed line) shift; 


«(To see what effect the annual shifting of the major 
features of the general circulation has on global rain- 
fall patterns, read the Focus section entitled “Wet and 
Dry Regions” on p. 312.) 
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AVERAGE WIND FLOW AND PRESSURE PATTERNS ALOFT 
Figures 12.4a and 12.4b are average global 500-mb 
charts, for the months of January and July, respec- 
tively. Look at both charts carefully and observe that’ 
some of the surface features of the general circulation 


*Remember that, at this level (about 5600 m or 18,000 ft above sea 
level), the winds are approximately geostrophic, and tend to blow 
more or less parallel to the contour lines. — i 
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ag not torent all the way to the equator, as easterly 
winds appear on the equatorward side of the upper- 
level subtropical highs. 

In middle and high latitudes, the westerly winds 
continue to increase in speed above the 500-mb level. 


We already know that the indeed spategeeni¥e 
a ol y should it continue : 
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FIGURE 12.4 Average 500-mb chart for the month of January (a) and for July (b). Solid lines are 
contour lines in meters above sea level. Dashed lines are isotherms in °C. 


FIGURE 12.5 A narrow band of strong, upper-level winds—a jet 
stream—push high clouds over Egypt and the Red Sea. 


“Fig. 12.5.) Wind speeds in the central core of a jet 


stream often exceed 100 knots and occasionally ex- 
ceed 250 knots. Jet streams are usually found at the 
tropopause at elevations between 10 and 15 km (6 and 
9 mi), although they may occur at both higher and 
lower altitudes. . 

Jet streams were first encountered by high-flying 
military aircraft during World War II, but their exis- 
tence was suspected before the war. Ground-based 
observations of fast-moving cirrus clouds had re- 
vealed that westerly winds aloft must be moving 
rapidly indeed. 

Figure 12.6 illustrates the average position of the jet 
streams, tropopausė, and general air flow for the 
Northern Hemisphere in winter. From this diagram, 


_ we can see that there are two jet streams, both located 


in tropopause gaps, where mixing between tropo- + 
spheric and stratospheric air takes place. The jet’ 
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stream situated at nearly 13 km (43,000 ft) above the In Fig. 12.6, the wind in the jet core would be flow- 


‘subtropical high is the subtropical jet. The jet stream ing as a westerly wind away from the viewer. This di- 
situated at about 10 km (33,000 ft) near the polarfront- rection, of course, is only an average, as jet streams 
is known as the polar front jet or,simply, the polar jet. often meander into broad loops that sweep north and 
Since both are found at the tropopause, they are re- south. When the polar front jet develops this pattern it 


ferred to as tropopause jets. 


FIGURE 12.6 Average position of the polar 
front and subtropical jet streams, with respect 
to a model of the general circulation in winter. 
Both jet streams are flowing into the page, 
away from the viewer. - 


may even merge with the subtropical jet. 
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The position of the major features of the 
general circulation and their latitudinal 
displacement (which annually averages 
about 10° to 15°) strongly influence the 
Climate of many areas. For example, on 
the global scale, we would expect 
abundant rainfall where the air rises and 

- Very little where the air sinks. Conse- 

- quently, areas of high rainfall exist in the 
tropics, where humid air rises in conjunc- — 
tion with the ITCZ, and between 40° and 
55° latitude, where middle latitude storms 
and the polar front force air upward. Areas — 
of low rainfall are found near 30° latitude in 

_ the vicinity of the subtropical highs and in 
polar regions where the air is cold and dry. 
(See Fig. 1.) l | | 

Poleward of the equator, between the 

- doldrums and the horse latitudes, the 
area is influenced by both the ITCZ and 

_ the subtropical high. In summer (high sun FIGURE 1 Major pressure systems and idealized air motions and precipitation patterns of 
period), the subtropical high moves the general circulation. (Areas shaded blue represent abundant rainfall.) 
poleward and the ITCZ invades this area, | 
bringing with it ample rainfall. In winter 

_ (low sun period), the subtropical high 
moves equatorward, bringing with it clear, 

- dry weather. 

During the summer, the Pacific high 

-drifts northward to a position off the. 

. California coast (Fig. 2). Strong subsi- 
dence of air on its eastern side produces a 
strong subsidence inversion. This tends d 
to keep summer weather along the West SW 

_ Coast relatively dry. The rainy season i \ 
typically occurs in winter when the high 

_Moves south and storms are able to . Sube Enia 
penetrate the region. Along the East inversion 

- Coast, the clockwise circulation of winds á 
around the Bermuda high (Fig. 2) brings 
warm, tropical air northward into the * 


| 

United States and southem Canada from f FIGURE2 During the summer, the Pacific high moves northward. Sinking air along its 
‘the Gulf of Mexico. Because subsidence eastern margin produces a strong subsidence inversion, which causes relatively dry weather | 
: isnotas welldevelopedonthissideofthe `. to prevail. (The boxed area is an average vertical profile of temperature and dew-point 


_ high, the humid air can rise and condense. . . temperature along the California coast.) Along the western margin of the Bermuda high, 
into towering cumulus clouds and — . - Southerly winds bring in humid air, which rises, condenses, and produces abundant rainfall. 


JET STREAMS | 313 


thunderstorms. So, in part, it is the air 6 ES 
motions associated with the subtropical. 
highs that keep summer weather dryin ` 
California and moist in Georgia. (Compare 5 
the rainfall patterns for Los Angeles, 
Califomia, and Atlanta, Georgia—Fig. 3.) 
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* FIGURE3 Average annual precipitation for Los Angeles, California, and Atlanta, Georgia. 


We can see the looping pattern of the jet by studying high winds is an important factor in developing and 
Fig. 12.7. This diagram shows the position of the jet intensifying surface storm systems. 
stream at the 300-mb level (near 9 km or 30,000 ft) on An air particle moving in the jet core over Los 
April 18, 1979. The airflow pattern and jet core are Angeles would move northward into Canada, then 
given by the heavy dark arrow; the dashed lines repre- loop around and head southeastward, eventually 
sent lines of equal wind spe ed (isotachs). Since the moving off the coast of Virginia. This meridional pat- 
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global transfer of heat. Since jet streams tend to mean- 
der around the world, we can also see how a radioac- 
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FIGURE 12.7 Position of thejet stream at the 
300-mb level during the morning of April 18, 
1979. Dashed lines are lines of equal wind 
. Speed (isotachs) in knots. Heavy dark line is 
- the jet stream axis. 


tive cloud from the nuclear accident at Chernobyl, 
USSR, during April, 1986, could end up over the 
United States and elsewhere. 

The ultimate cause of jet streams is the energy im- 
balance that exists between high and low latitudes: 
How, then, do jet streams actually form? | | 


THE FORMATION OF THE POLAR FRONT JET AND THE SUB- 
TROPICAL JET Horizontal variations in temperature 
and pressure offer clues to the existence of the polar 
front jet. Figure 12.8 shows a side profile of the atmo- 
sphere in the region of the polar front. Since the polar 
front is a boundary separating the cold polar air to the 


north from the warm subtropical air to the south, the © 


greatest contrast in air temperature occurs along the 
frontal zone.’ We can see this as the isotherm dips 
sharply crossing the front. This rapid change in tem- 
_-perature produces a rapid Change in pressure (as 
shown by the sharp bending of the constant pressure 


surface as it passes through the front). The sudden ` 


change in pressure sets up a steep pressure gradient, 
which intensifies the wind speed and causes the jet 
stream. Because the north-south temperature contrast 
along the front is strongest in winter and weakest in 
- summer, the polar front jet shows seasonal variations. 


In winter, the winds blow stronger and the jet moves j 
farther south as the leading edge of the cold air extends’ 


When we examine jet streams carefully, we see that 
another mechanism (other than a steep temperature 
gradient) causes a strong westerly flow aloft. The 
cause appears to be the same as that which makes an 


_ ice skater spin faster when the arms are pulled in close 


to the body—the conservation of angular momentum., 


_ At the equator, the earth rotates toward the east at a. 


speed close to 1000 knots. On a windless day, the air 
above moves eastward at the same speed. If somehow 
the earth should suddenly stop rotating, the air above 
would continue to move eastward until friction with 
the surface brought it to a halt; the air keeps moving 
because it has momentum. ` ps 
Straight-line momentum—called linear momen-. 
tum—is the product of the mass of the object times its 


velocity. An increase in either the mass or the velocity 
(or both) produces an increase in momentum. Air ona 
spinning planet moves about an axis ina circular path 
and has angular momentum. Along with the mass and- 
the speed, angular momentum depends upon the dis- 
tance (r) between the mass of air and the axis about * 
which it rotates. Angular momentum is defined as the’ 
product of the mass (m) times the velocity (v) times the 
radial distance (r):' . 


Angular momentum = mvr. ; 


As long as there are no external’ twisting forces 


(torques) acting on the rotating system, the angular 
momentum of the system does not change. We say that 
angular momentum is conserved; that is, the product 
of the quantity mvr at one time will equal the numeri- 
cal quantity mvr at some later time. Hence, a decrease 
in radius must produce an increase in speed and vice 
versa. An ice skater, for instance, with arms fully ex- 
tended rotates quite slowly. As the arms are drawn in . 
close to the body, the radius of the circular path (r) de- 
creases, which causes an increase in rotational veloc- 
ity (v), and the skater spins faster. As arms become 
fully extended again, the skater’s speed decreases. The 
conservation of angular momentum, when applied to 
moving air, will help us to understand the formation 
of a jet stream. ; 
Consider heated air parcels rising from the equato- 
rial surface on a calm day. As the parcels approach the 
tropopause, they spread laterally and begin to move 
poleward. If we follow the air moving northward (Fig. 
_ 12.9) we see that, because of the curvature of the earth, * 
air constantly moves closer to its axis of rotation (r de- 
creases). Because angular momentum is conserved 
(and since the mass of air is unchanged), the decrease 
in radius must be compensated for by an increase in 
speed. The air must, therefore, move faster to the east 
than a point on the earth’s surface does. To an ob- 
server, this is a west wind. Hence, the conservation of 
angular momentum of northward-flowing air leads to 
erronea! Neue westerly winds and the forma- 
tion of a jet stream. (A more detailed look at the general 
circulation and the exchange of momentum between 
the earth and the atmosphere is provided in the Focus 
section on p. 316.) 
OTHER JETSTREAMS There is another jet stream that 
‘forms in summer near the tropopause above Southeast 
Asia, India, and Africa. Here, the altitude of the sum- 
mer tropopause and the jet stream is near 15 km. Be- 
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FIGURE 12.8 Vertical (north-south) view of the polar front jet stream in 
association with a sharply dipping pressure surface (solid line) and 
isotherm (dashed line): Diagram is highly exaggerated in the vertical. 


cause the jet forms on the equatorward side of the 
upper-level subtropical high, its winds are easterly . 


and hence it is known as the tropical easterly jet 


stream. Although the exact causes of this jet have yet 
to be completely resolved, its formation appears to be, 
at least in part, related to the warming of the air over 


FX 


FIGURE 12.9 Air flowing poleward at the tropopause moves closer to 
the rotational axis of the earth (1, is less than r,). This decrease in radius 
is compensated for by an increase in velocity and the formation of ajet 
stream. , 
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We know that energy from the sun drives 
the atmospheric circulation. Although the 
circulation pattern is complex, the general 
flow aloft is westerly. However, the 
westerly flow is not constant, for it breaks 
into eddies, cyclones, and anticyclones 
that transfer heat and momentum 
poleward. This transfer process feeds 
energy to the jet stream and maintains the 
westerly winds aloft. Therefore, this 
transfer mechanism is responsible for 
maintaining the general circulation of the 
atmosphere. How, then, does the 
momentum exchange take place? - 
There is a constant exchange of 
momentum between the earth and the 
atmosphere. Since momentum is simply 
mass times velocity, the momentum ofan 
object whose mass is 1 is represented by 
velocity only. For such an object (a mass 
of air, for example), a change in momen- 
tum represents a change in velocity. 
Consider the earth to be a rotating 
globe and the atmosphere to be your 
hand. When your hand rests on the globe 
and rotates with it at the same speed, 
there is, for all practical purposes, no 


transfer of momentum. But if your hand is - 


on the equator and moves more slowly to 
the east than the rotating globe, then the 
friction between your hand and the globe 
will reduce the globe's rate of spin. 
Hence, there is a transfer of momentum 
from your hand to the globe. Because the 
actual winds in the tropics are easterly, 
there is a transfer of momentum from the 
moving air to the earth, which should slow 
down the earth's rotation in a similar. 
manner. But the earth's spin does not 

` slow because of the westerly winds in 
midale latitudes. 


To see what effect westerly winds have - 


on the earth, place your hand ona rotating 


MOMENTUM—A CASE OF GIVEANDTAKE p 


A - 


globe, then move it faster to the east than 


the globe rotates. Momentum transfer 
from your hand to the globe will cause the 
globe to spin faster. Similarly, the westerly 
winds of middle latitudes should increase 
the earth’s rate of spin, but they do not 
because they are compensated for by the 
easterly winds in the tropics. 

The rotating earth affects the momen- 
tum of the atmosphere as well. We know 
that the northeast trades blow from about 


. 80°N latitude toward the equator. As the 


air moves closer to the equator, it also 
moves farther away from the earth’s axis 
of rotation (r increases). Therefore, to 
conserve angular momentum, the 
increase in r must be offset by a decrease 
in velocity (v). However, the slower the air 
moves eastward on therotating earth, the 
faster the wind appears to be blowing 
from the east to an observer on the earth's 
surface. (For a calm wind, the airis moving 
eastward at the same rate that the earth 
spins.) As a consequence, the trades 
should be strong easterly winds near the 
equator. In fact, however, the trades are 
fairly steady, but weak. The reason is that 
friction with the earth drags the air along 
more rapidly toward the east; thus, the 


l _ apparent westward motion of the air 


decreases. The net result of this frictional 

interaction is that the earth imparts some 

of its momentum to the tropical air above. 
So, in low latitudes, the atmosphere gains 

momentum from the earth. 

Meanwhile, in middle latitudes, the 
prevailing westerlies curve slightly 
northward away from the subtropical 
high. As they move northward, they also 
move closer to the earth’s axis of rotation 
(rdecreases). The conservation of angular - 
momentum requires that, as r decreases, 


surface wind velocity should increase and | 


a E 


eventually reach the speed ofa fast- 
flowing westerly jet. Surface winds do not 
blow that fast; again, the reasonis surface 
friction, which slows the westerlies and 
reduces the air's angular momentum. 
Therefore, in middle latitudes, the air near 


, the surface loses momentum to the earth. 


If the atmosphere were to continually 
lose momentum in middle latitudes and 
gain momentum in low latitudes, both the 
prevailing westerlies and northeast trades 
would slow until the air is calm. Since we 


know this does not happen, there must be: 


a net transfer of momentum from low 
latitudes toward high latitudes in order to 
maintain our wind systems. It is the large 
low- and high-pressure areas, the 
cyclones and anticyclones of the middle 
latitudes, that are primarily responsible for 
this transfer of momentum. We can see 
how this is accomplished by considering a 
laboratory experiment that simulates the 
circulation of the atmosphere. 

- The “dishpan experiment” consists of a 
flat pan filled with water. Around the edge 
of the pan, a heating coil supplies heat to 
the pan's “equator.” In the center of the 
pan, a cooling cylinder represents the 
“pole,” and ice water is continually 
supplied here. The temperature difference 
between “equator” and “pole” produces a 
thermally driven circulation that transports 
heat poleward; when the pan is rotated, 
there is a transfer of angular momentum 
as well. 

Aluminum powder is sprinkled on the 
water, so that motions of the fluid can be 
seen. If the pan rotates slowly, the flow of 
water is symmetric with the polar cylinder, 
This would represent a zonal (west to 


east) wind in the atmosphere (see Fig. 4a). - 


As the pan rotates faster, the flow _ 
increases and waves develop. Eventually, 


mrg 
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the waves break into a series of waves 
and rotating eddies similar to those 
shown in Fig. 4b. The flow develops 

- waves and eddies because, without 
them, the circulation alone is unable to 
effectively transport heat and momentum 
poleward. 

The atmospheric counterpart of these 
eddies are the cyclones and anticyclones 
of the middle latitudes. At the earth's 
surface, they occur as winds circulating 
around centers of low and high pressure; 
aloft, however, they usually form 
elongated troughs and ridges. For 
instance, a storm in the upper tropo- 
sphere might look like a trough similar to 
the one seen in Fig. 5. Notice that it has an 
asymmetric shape and tilts in a south- 
west-northeast direction. The winds on 
the east side of the trough are generally 
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KE, continued 


Cooling cylinder 
(pole) 


Heating coils 
(equator) 


(a) Slow rotation 


Pr 


FIGURE 4 (a) A slowly rotating pan produces a flow that is symmetric with the poles. (b) A 
pan rotating at a speed that corresponds to the rotation of the earth produces troughs, ridges, 
and eddies, which appear very similar to the patterns we see on an upper-level chart. 


stronger than the winds on the west side. 
_ Also, the northward-moving winds on the 
east side have a stronger west-to-east 
component than do the southward- 
moving winds on the west side. This t 
means that there is a net west-to-east Less west to east 
transfer of momentum from lower > momentum 
latitudes to the middle latitude westerlies. 
Therefore, the next time a storm causes 
you some discomfort, remember that, 
without such storms, the atmosphere 
could not maintain its circulation. 


large elevated land masses, such as Tibet. During the 
summer, the air above this region (even at high eleva- 


tions) is warmer than the air above the ocean to the 
south. This contrast in temperature produces a north 
to south pressure gradient and strong easterly winds. 
ES at ayu lly reach a maximum speed near 15°N 
itude. : 
‘Not all jet streams form at the tropopause. For exam- 
ple, there is a jet stream that forms near the top of the 


FIGURE 5 A well-developed surface storm 
usually shows up as a wave with a tilted 
trough (dashed line) on a 500-mb chart. The 
wave transports westerly momentum 
poleward because the winds east of the 
trough have a greater westèrly component 
than do the winds west of the trough. 


stratosphere over polar latitudes. Because little, if any, 
sunlight reaches the polar region during the winter, air. 
in the upper stratosphere is able to cool to low temper- 
atures. By comparison, in equatorial regions, sunlight 


prevails all year long, allowing stratospheric ozone to 


absorb solar energy and warm the air. The horizontal 
temperature gradients between the cold poles and the 
warm tropics create steep horizontal pressure gra- 


dients, and a strong westerly jet forms in polar regions 
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We know that energy from the sun drives 
the atmospheric circulation. Although the 
circulation pattern is complex, the general 
flow aloft is westerly. However, the 
westerly flow is not constant, for it breaks 
into eddies, cyclones, and anticyclones 
that transfer heat and momentum 
poleward. This transfer process feeds 
energy to the jet stream and maintains the 
westerly winds aloft. Therefore, this 
transfer mechanism is responsible for 
maintaining the general circulation of the 
atmosphere. How, then, does the 
momentum exchange take place? - 
There is a constant exchange of 
momentum between the earth and the 
atmosphere. Since momentum is simply 
mass times velocity, the momentum ofan 
object whose mass is 1 is represented by 
velocity only. For such an object (a mass 
of air, for example), a change in momen- 
tum represents a change in velocity. 
Consider the earth to be a rotating 
globe and the atmosphere to be your 
hand. When your hand rests on the globe 
and rotates with it at the same speed, 
there is, for all practical purposes, no 


transfer of momentum. But if your hand is - 


on the equator and moves more slowly to 
the east than the rotating globe, then the 
friction between your hand and the globe 
will reduce the globe's rate of spin. 
Hence, there is a transfer of momentum 
from your hand to the globe. Because the 
actual winds in the tropics are easterly, 
there is a transfer of momentum from the 
moving air to the earth, which should slow 
down the earth's rotation in a similar. 
manner. But the earth's spin does not 

` slow because of the westerly winds in 
midale latitudes. 


To see what effect westerly winds have - 


on the earth, place your hand ona rotating 
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globe, then move it faster to the east than 


the globe rotates. Momentum transfer 
from your hand to the globe will cause the 
globe to spin faster. Similarly, the westerly 
winds of middle latitudes should increase 
the earth’s rate of spin, but they do not 
because they are compensated for by the 
easterly winds in the tropics. 

The rotating earth affects the momen- 
tum of the atmosphere as well. We know 
that the northeast trades blow from about 


. 80°N latitude toward the equator. As the 


air moves closer to the equator, it also 
moves farther away from the earth’s axis 
of rotation (r increases). Therefore, to 
conserve angular momentum, the 
increase in r must be offset by a decrease 
in velocity (v). However, the slower the air 
moves eastward on therotating earth, the 
faster the wind appears to be blowing 
from the east to an observer on the earth's 
surface. (For a calm wind, the airis moving 
eastward at the same rate that the earth 
spins.) As a consequence, the trades 
should be strong easterly winds near the 
equator. In fact, however, the trades are 
fairly steady, but weak. The reason is that 
friction with the earth drags the air along 
more rapidly toward the east; thus, the 


l _ apparent westward motion of the air 


decreases. The net result of this frictional 

interaction is that the earth imparts some 

of its momentum to the tropical air above. 
So, in low latitudes, the atmosphere gains 

momentum from the earth. 

Meanwhile, in middle latitudes, the 
prevailing westerlies curve slightly 
northward away from the subtropical 
high. As they move northward, they also 
move closer to the earth’s axis of rotation 
(rdecreases). The conservation of angular - 
momentum requires that, as r decreases, 


surface wind velocity should increase and | 
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eventually reach the speed ofa fast- 
flowing westerly jet. Surface winds do not 
blow that fast; again, the reasonis surface 
friction, which slows the westerlies and 
reduces the air's angular momentum. 
Therefore, in middle latitudes, the air near 


, the surface loses momentum to the earth. 


If the atmosphere were to continually 
lose momentum in middle latitudes and 
gain momentum in low latitudes, both the 
prevailing westerlies and northeast trades 
would slow until the air is calm. Since we 


know this does not happen, there must be: 


a net transfer of momentum from low 
latitudes toward high latitudes in order to 
maintain our wind systems. It is the large 
low- and high-pressure areas, the 
cyclones and anticyclones of the middle 
latitudes, that are primarily responsible for 
this transfer of momentum. We can see 
how this is accomplished by considering a 
laboratory experiment that simulates the 
circulation of the atmosphere. 

- The “dishpan experiment” consists of a 
flat pan filled with water. Around the edge 
of the pan, a heating coil supplies heat to 
the pan's “equator.” In the center of the 
pan, a cooling cylinder represents the 
“pole,” and ice water is continually 
supplied here. The temperature difference 
between “equator” and “pole” produces a 
thermally driven circulation that transports 
heat poleward; when the pan is rotated, 
there is a transfer of angular momentum 
as well. 

Aluminum powder is sprinkled on the 
water, so that motions of the fluid can be 
seen. If the pan rotates slowly, the flow of 
water is symmetric with the polar cylinder, 
This would represent a zonal (west to 


east) wind in the atmosphere (see Fig. 4a). - 


As the pan rotates faster, the flow _ 
increases and waves develop. Eventually, 
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the waves break into a series of waves 
and rotating eddies similar to those 
shown in Fig. 4b. The flow develops 

- waves and eddies because, without 
them, the circulation alone is unable to 
effectively transport heat and momentum 
poleward. 

The atmospheric counterpart of these 
eddies are the cyclones and anticyclones 
of the middle latitudes. At the earth's 
surface, they occur as winds circulating 
around centers of low and high pressure; 
aloft, however, they usually form 
elongated troughs and ridges. For 
instance, a storm in the upper tropo- 
sphere might look like a trough similar to 
the one seen in Fig. 5. Notice that it has an 
asymmetric shape and tilts in a south- 
west-northeast direction. The winds on 
the east side of the trough are generally 
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FIGURE 4 (a) A slowly rotating pan produces a flow that is symmetric with the poles. (b) A 
pan rotating at a speed that corresponds to the rotation of the earth produces troughs, ridges, 
and eddies, which appear very similar to the patterns we see on an upper-level chart. 


stronger than the winds on the west side. 
_ Also, the northward-moving winds on the 
east side have a stronger west-to-east 
component than do the southward- 
moving winds on the west side. This t 
means that there is a net west-to-east Less west to east 
transfer of momentum from lower > momentum 
latitudes to the middle latitude westerlies. 
Therefore, the next time a storm causes 
you some discomfort, remember that, 
without such storms, the atmosphere 
could not maintain its circulation. 


large elevated land masses, such as Tibet. During the 
summer, the air above this region (even at high eleva- 


tions) is warmer than the air above the ocean to the 
south. This contrast in temperature produces a north 
to south pressure gradient and strong easterly winds. 
ES at ayu lly reach a maximum speed near 15°N 
itude. : 
‘Not all jet streams form at the tropopause. For exam- 
ple, there is a jet stream that forms near the top of the 


FIGURE 5 A well-developed surface storm 
usually shows up as a wave with a tilted 
trough (dashed line) on a 500-mb chart. The 
wave transports westerly momentum 
poleward because the winds east of the 
trough have a greater westèrly component 
than do the winds west of the trough. 


stratosphere over polar latitudes. Because little, if any, 
sunlight reaches the polar region during the winter, air. 
in the upper stratosphere is able to cool to low temper- 
atures. By comparison, in equatorial regions, sunlight 


prevails all year long, allowing stratospheric ozone to 


absorb solar energy and warm the air. The horizontal 
temperature gradients between the cold poles and the 
warm tropics create steep horizontal pressure gra- 


dients, and a strong westerly jet forms in polar regions 


318 a CHAPTER 12 WIND: GLOBAL SYSTEMS 


at an elevation near 50 km (30 mi). Because this wind ¿ 


maximum occurs in the stratosphere during the dark 
polar winter, it is known as the stratospheric polar 
night jet stream. 

In summer, the polar regions experience more hours 
of sunlight than tropical areas. Stratospheric tempera- 
tures over the poles increase more than at the same al- 
titude above the equator, which causes the horizontal 
temperature gradient to reverse itself. The jet stream 
disappears, and in its place there are weaker easterly 
winds. © 

Jet streams are not confined to the stratosphere; they 


Y 


also form in the upper mesosphere and in the thermo- - 


sphere. Not much is known about the winds at these 
high levels, but they -are probably related to the 
onslaught of charged particles that constantly bom- 
bard this region of the atmosphere. 

Jet streams form near the earth's surface as well. One- 
such jet develops over the central plains of the United’ 
States, where it occasionally attains speeds of 60 knots 


several hundred meters above the surface. This wind ° 


speed maximum, which usually flows from the south 
or southwest, is known as a low-level jet. It typically 
forms at night above a temperature inversion. Appar- 
ently, the stable air reduces the interaction between 
the air within the inversion and the air directly above. 
Consequently, the air in the vicinity of the jet is ableto: 
flow faster because it is not being slowed by the lighter 
winds below. Also, the north-south: trending Rocky 
Mountains tend to funnel the air northward. However, 
these factors alone are unable to account for the strong 
winds in the jet core. 

Another important element contributing to the for- 


mation of the low-level jet is the downward sloping of - 


the land from the Rockies to the Mississippi Valley, 
which causes nighttime air above regions to the west 
to be cooler than air at the same elevation to the east. 
This horizontal contrast in temperature causes pres- 
sure surfaces to dip toward the west. The dipping of 
pressure surfaces produces strong pressure gradient 
` forces directed from east to west which, in turn, cause’ 
‘strong southerly winds. 

During the summer, these strong southerly winds 
carry moist air from the Gulf of Mexico into the Central 
Plains. This moisture, coupled with converging-rising 
air of the low-level jet, enhances thunderstorm forma- 
tion. Therefore, on warm, moist, summer nights, when 
the low-level jet is present, it is common to have night- 
time thunderstorms over the plains. . 


=E ATMOSPHERE—OCEAN INTERACTIONS 


Although scientific understanding of all the interac- 
tions between the oceans and the atmosphere is far 
from complete, there are some relationships that de- 
serve mentioning here. 


GLOBAL WIND PATTERNS AND SURFACE OCEAN CUR- 
RENTS As the wind blows over the oceans, it causes 
the surface water to drift along with it. The moving 
water gradually piles up, creating pressure differences 
within the water itself. This leads to further motion 
several hundreds of meters down into the water. In 
this manner, the general wind flow around the globe 


“starts the majorsurface ocean currents moving. The re- 


lationship between the general circulation and ocean 
currents can be seen by comparing Figs. 12.3 (pp. 308— 
309) and Fig. 12.10 (p. 319). 

Because of the larger frictional drag in water, ocean 
currents move more slowly than the prevailing wind. 
Typically, these currents range in speed from several 
kilometers per day to several kilometers per hour. As 
we Can see in Fig. 12.10, major ocean currents do not 
follow the wind pattern exactly; rather, they spiralin 


semiclosed circular whirls called gyres. In the North | 
Atlantic, the prevailing winds blow clockwise and- 


outward from the subtropical high, while the ocean 
currents move in a more or less circular, but still 
clockwise, pattern. As the water moves beneath the 
wind, the Coriolis force deflects the water to the right 
in the Northern Hemisphere and to the left in the 
Southern Hemisphere. This causes the surface water 
to move at an angle between 20° and 45° to the direc- 


tion of the wind. Hence, surface water tends to move 
in a circular pattern as winds blow outward away from. 


the center of the subtropical high. 
Important interactions between the atmosphere and 
the ocean can be seen by examining the huge gyre in 


the North Atlantic. Flowing northward along the east 
coast of the United States is a tremendous warm water- 


current called the Gulf Stream. The Gulf Stream car- 


ries vast quantities of warm, tropical water into higher — 


latitudes. To the north, on the western side of the 


smaller subpolar gyre, cold water moves southward 


along the Atlantic coast of North America. This Lab- 


rador Current brings cold water as far south as Mas- 4 
sachusetts in summer and North Carolina in winter. In 


the vicinity of the Grand Banks of Newfoundland, 
where the two opposing currents flow side by side, 
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. North Equatorial Countercurrent 16 


Latitude 
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“TABLE 12.1 W Major Ocean Currents 


1. Gulf Stream 9. South Equatorial Current 17. Peru or Humbolt Current 
2. North Atlantic Drift 10. South Equatorial Countercurrent 18. Brazil Current 

3. Labrador Current i 11. Equatorial Countercurrent 19. Falkland Current 

4, West Greenland Drift 12. Kuroshio Current 20. Benguela Current 

5. East Greenland Drift 13. North Pacific Drift 21. Agulhas Current 

6. Canary Current 14. Alaska Current 22. West Wind Drift 

7. North Equatorial Current 15. Oyashio Current 

8 


. California Current 
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Longitude 


FIGURE12.10 Average position and extent of the major surface ocean currents. Cold currents are 


shown in blue; warm currents are shown in red. 


there is a sharp temperature gradient. When warm 
Gulf Stream air blows over the cold Labrador Current 
water, the stage is set for the formation of the fog so 
common to this region. 

" Meanwhile, steered by the prevailing westerlies, the 
Gulf Stream swings away from the coast of North 
America and moves eastward toward Europe. Gradu- 


ally, it widens and slows as it merges into the broader > 
North Atlantic Drift. As this current approaches 


- Europe, it divides into two currents. A portion flows 


northward along the coasts of Great Britain and Nor- 
way, bringing with it warm water (which helps keep 
winter temperatures much warmer than one would 
expect this far north): The other part of the North At- 
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FIGURE 12.11 The formation of eddies along the Gulf Stream. 
(Infrared satellite picture.) | 
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„lantic Drift flows southward as the Canary Current, 
which transports cool northern water equatorward. 
‘Eventually, the Atlantic gyre is completed as the Cat 


‘nary Current merges with the westward-moving North ` 


Equatorial Current, which derives its energy from the 

northeast trades. : | sy 
The ocean circulation in the North Pacific is similar 
to that in the North Atlantic. On the western side of the’ 

ocean is the Gulf Stream’s counterpart, the warm, 


northward-flowing Kuroshio Current, which. gradu- ` 


ally merges into the sl wer-moving North Pacific’ 
_ Drift. A portion of this current flows southward along: 
the coastline of the western United States as the cool - 
California Current. In the Southern Hemisphere, sur- 
face ocean circulations are much the same except that 
the gyres move counterclockwise in response to the, 
winds around the subtropical highs, In the Indian 
Ocean, monsoon circulations tend to complicate the 
general pattern of ocean currents. _ l 

Up to now, we have seen that atmospheric circula- 
tions and ocean circulations are closely linked; wind 


blowing over the oceans produces surface ocean cur- 


rents. The currents, along with the wind, transfer heat 


from tropical areas, where there is a surplus of energy, 
to polar regions, where there is a deficit. This helps to 
equalize the latitudinal energy imbalance with about 
40 percent of the total heat transport in the Northern 
Hemisphere coming from surface ocean currents. The 
environmental implications of this heat transfer are 
tremendous. If the energy imbalance were to go un- 
checked, yearly temperature differences between low 
and high latitudes would increase greatly, and the cli- 
mate would gradually change.* Ms 
Satellite pictures reveal that distinct temperature 
gradients exist along the boundaries of surface ocean 
currents. For example, off the east coast of the United 
States, where the warm Gulf Stream meets cold waters 
to the north, sharp temperature contrasts often exist. 
The boundary separating the two masses of water with » 
contrasting temperatures and densities is called an 


Oceanic front. Along this frontal boundary, a portion. 


of the meandering Gulf Stream occasionally breaks / 
away and develops into a closed circulation of either 
cold or warm water—a whirling eddy (Fig. 12.11). Be- 
cause these eddies transport heat and momentum 
from one region to another, they may have a far-reach- 
ing effect upon the climate and a more immediate im- 
pact upon coastal waters. Scientists are investigating 
the effects of these eddies. . : i 


i UPWELLING Earlier, we saw that the cool California 


Current flows roughly parallel to-the west coast of 
North America. From this, we might conclude that 
summer surface water temperatures would be cool 
along the coast of Washington and gradually warm as 


_we move south. A quick glance at the water tempera- 


tures along the west coast of the United States during 
August (Fig. 12.12) quickly alters that notion. The © 
coldest water is observed along the northern Califor- = 
nia coast near Cape Mendocino: Why there? To an- 
swer this, we need to examine how the wind influ- 
ences the movement of surface water. 

As the wind blows over an open stretch of ocean, the 


surface water beneath it is set in motion. The Coriolis 
force bends the moving water to the right. Thus, if we 
look at a shallow surface layer of water, we see that it 


moves at an average angle of about 45° to the direction ; 


*In an attempt to better understand the circulation of the oceanand 
‘its role on climate, the World Ocean Circulation Experiment 


(WOCE) is planned to begin during the 1990s. 


of the wind (Fig. 12.13). If we imagine the top layer of” 
ocean water to be broken into a series of layers, then 
each layer will exert a frictional drag on the layer 
below. Each successive layer will not only move a lit- 
tle slower than the one above, but (because of the 
Coriolis effect) each layer will also rotate slightly to 
the right of the layer above. (The rotation of each layer- 
is to the right in the Northern Hemisphere and to the 
left in the Southern Hemisphere.) Consequently, de- 
scending from the surface, we would find water slow- 
ing and turning to the right until, at some depth (usu-- 
ally about 100 m), the water actually moves ina direc- 
tion opposite to the flow of water at the surface. This * 
turning of water with depth is known as the Ekman 
Spiral.-The Ekman Spiral in Fig. 12.13 shows us that: 
the average movement of surface water down to-a 
depth of about 100 m is at right angles (90°) to the sur 
face wind direction. The Ekman Spiral helps to ex- 


plain why, in summer, surface water is cold along the - 


west coast of North America. 

The summertime position of the Pacific high and the 
low coastal mountains cause winds to blow parallel to 
the California coastline (Fig. 12.14). The net transport 


of surface water is at right angles to the wind, in this , 


case, out to sea. As surface water drifts away from the 


coast, cold, nutrient-rich water from below rises to re- | 


place it. The rising of cold water is known as upwell- 
ing.’ Upwelling is strongest and surface water is 
coolest in this area because here the wind parallels the 
coast. : - ff k 
“Summertime weather along the West Coast often 


“consists of low clouds and fog, as the air over the water” 


is chilled to its saturation point. On the brighter side, 
upwelling produces good fishing, as higher concentra- 
tions of nutrients are brought to the surface (Fig. 
12.15). But swimming is only for the hardiest of souls, 
since the average surface water temperature in sum- 
mer is nearly 10°C (18°F), colder than the average 
coastal water temperature found at the same latitude 
along the Atlantic Coast. 


GLOBAL WIND PATTERNS AND SURFACE OCEAN TEMPER- 
ATURES Between the ocean surface and the atmo- 
sphere, there is an exchange of heat, moisture, and 
momentum that depends, in part, on temperature dif- 
ferences between water and air. In winter, when air- 


water temperature contrasts are greatest, thereisasub- — 


stantial transfer of sensible and latent heat from the 


ocean surface into the atmosphere. This energy helps / 


to maintain the global air flow. Because of the differ- 
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FIGURE 12.12 Average sea surface temperatures (°F) along the west 
coast of the United States during August. 


ence in heat capacity between water and air, even a 
relatively small change in surface ocean temperatures 
could modify atmospheric circulations. This could 
have far-reaching effects on global weather patterns. 
Meteorologists have tried to correlate surface water 
temperatures in the Pacific Ocean with weather in the 
United States. Between 1971 and 1975 the surface 
temperatures in the central Pacific were warmer than 
normal, while surface temperatures were cooler than 
normal along the West Coast of North America. During 
this period, the east coast experienced warm, dry win- 
ters, while the weather in the West was relatively wet. 
In contrast, the winter of 1976-1977 produced record- 
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FIGURE 12.13 The Ekman Spiral. Winds move the water, and the 


Coriolis force deflects the water to the right (Northem Hemisphere). 
Below the surface each successive layer of water moves more slowly 
andis deflected to the right of the layer above. The average transport of 


- surface water in the Ekman layer is at right angles to the prevailing winds. 
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FIGURE 12.14 As winds blow parallel to the west coast of North America, surface water is 
transported to the right (out to sea). Cold water moves up from below (upwells) to replace the 


Surface water. 


breaking cold temperatures in the East and drought in 
the West. At about this time, surface water tempera- 
tures in the central Pacific became cooler, while those 
along the West Coast became warmer. . 
During the winter of 1982-1983, the water tempera- 
tures off the West Coast became much warmer than 
normal. Fish accustomed to colder water migrated 
northward. As the westerly jet stream intensified, 


massive storms one after another pounded the Califor- : 


nia coast; causing extensive damage and record-break- 
ing rains. Heavy snow fell over the Rocky Mountains 
and widespread flooding occurred in the Gulf states. 
Meanwhile, the northeastern part of the nation experi- 
enced an exceptionally mild winter. The cause of 
these weather events has been linked to an atmo- 
` spheric-oceanic phenomenon referred to as El Niño, 


EL NINO AND THE SOUTHERN OSCILLATION. Along the | 


west coast of South America, where the cool Peru Cur- 
rent sweeps northward, southerly winds promote up- 
welling of cold, nutrient-rich water that gives rise to 


large fish populations, especially anchovies. The’ 


abundance of fish-supports'a large population of sea 


birds whose droppings (called guano) produce huge, 


phosphate-rich deposits, which support the fertilizer 
industry. Near the end of each calendar year, a warm 


current of nutrient-poor tropical water moves south-' 


ward, replacing the cold, nutrient-rich surface water. 
Because this condition frequently occurs around 
Christmas, local residents called it El Niño (Spanish 
for boy child), referring to the Christ child. . 


In most years, the warming lasts for only a few 
weeks to a month or more, after which weather pat- 
terns usually return to normal and fishing improves. 
However, when El Niño conditions last for many 
months, and a more extensive ocean warming occurs, 
the economic results can be catastrophic. This ex- 


- tremely warm episode, which occurs at irregular inter- 


vals of 3 to 7 years, is now referred to as a major El 
Niño event.. 
During a major El Niño event, large numbers of fish 
and marine plants may die. Dead fish and birds may 
litter the water and beaches of Peru; their decompos- 


- ing carcasses deplete the water's oxygen supply, 


which leads to the bacterial production of huge : 
amounts of smelly hydrogen sulfide. The El Niño of 
1972-1973 reduced the annual Peruvian anchovy 
catch from 10.3 million metric tons in 1971 to 4.6 mil- 
lion metric tons in 1972. Since much of the harvest of 
this fish is converted into fishmeal and exported for 
use in feeding livestock and poultry, the world's 
fishmeal production in 1972 was greatly reduced. 
Countries such as the United States that rely on 


fishmeal for animal feed had to use soybeans as an al- 


ternative. This raised poultry prices in the United 
States by more than 40 percent. A less severe El Niño 
occurred in 1976-1977. But an extremely strong El 
Niño—one of the strongest ever seen—occurred dur- 
ing 1982-1983. 


Normally, in the tropical Pacific Ocean, the trades ` 


are persistent winds that blow westward from a region 
of higher pressure over the eastern Pacific toward are- 


gion of lower pressure centered over Indonesia. (See 


Fig. 12.3a.) The westward-moving trades drag some of — 


the cool water located along the South American coast_ 
with them. As this water moves westward, it is heated 
by sunlight and the atmosphere. Consequently, in the 


Pacific Ocean, surface water along the equator is cool ` 


in the east and warm in the west. In addition, the drag- 
ging of surface water raises the sea level in the western 
Pacific and lowers it in the eastern Pacific. This pro- 
duces a thick layer of warm water over the tropical 
western Pacific Ocean. ` 

Every few years, the surface atmospheric pressure 
patterns break down, as air pressure rises over the re- 
gion of the western Pacific and falls over the eastern 
Pacific. This change in pressure weakens the trades, 
and, during strong pressure reversals, east winds are 
replaced by west winds. Surface water warms over a 
broad area of the tropical Pacific and heads eastward 
toward South America in a surge known as a Kelvin 
wave. Toward the end of the warming period, which 
may last between one and two years, atmospheric 
pressure overthe eastern Pacific reverses and begins to 


_ rise, whereas, over the western Pacific, it falls. This os- 
cillation of surface air pressure at opposite ends of the © 


Pacific Ocean is called the Southern Oscillation. Be- 


cause the pressure reversals and ocean warming are y 


more or less simultaneous, scientists call this 
phenomenon the El Niño/Southern Oscillation or 
ENSO for short. Although most ENSO episodes follow 
a similar evolution, each event has its own personal- 
ity, differing in both strength and behavior. 

During the 1982-1983 ENSO event, the west winds 
near the equator were stronger than during any previ- 
ous episode. As these winds pushed. eastward, they 
dragged surface water with them. This raised the sea 
level in the east and lowered it in the west. The east- 
ward moving water gradually warmed under the trop- 
ical sun, becoming as much as 6°C (11°F) warmer than 
normal in the eastern equatorial Pacific. Gradually, a 
thick layer of warm water pushed into coastal areas of 
Ecuador and Peru, choking off the upwelling that 
supplies cold, nutrient-rich water to this region. The 
unusually warm water extended from South Amer- 
ica’s coastal region for many thousands of kilometers 


. westward along the equator. (See Fig. 12.16.) The 


warm tropical water also spread northward along the 
west coast of North America. 
Such a large area of abnormally warm water can 


have an effect on global wind patterns. The warmtrop- , 


ical water fuels the atmosphere with additional 
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warmth and moisture, which the atmospheré turns 
into additional storminess and rainfall: The added 
warmth from the oceans and the release of latent heat 
during condensation apparently influence the west- 
erly winds aloft in such a way that certain regions of 
the world experience too much rainfall, while others 
have too little. 

Although the actual mechanism by which changes 
in surface ocean temperatures influence global wind 
patterns is not fully understood, the by-products are 
plain to see. For example, during the El Niño of 1982— 
1983, severe drought was felt in Indonesia, southern 
Africa, and Australia, where the 1982 production of 
wheat, oats, and barley was half that of the previous 
year. Meanwhile, record rains and flooding occurred 
over Ecuador and Peru, where the 1982 commercial 
fish catch was 50 percent of the 1981 total. In the 
Northern Hemisphere, an unusually strong subtropi- 
cal westerly jet stream (that frequently merged with ` 
the polar jet) brought storms from California into the 
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FIGURE 12.15 Theenhancedinfrared satellite picture shows that, due 
to upwelling, the coldest water (lighter tones) is observed adjacent to the 


coast. Filaments of light tones show where the colder upwelling water 


interacts with the warmer southward moving water of the California 
Current, producing oceanic fronts. Because certain types of fish seem 
to concentrate near these boundaries, the location of ocean fronts is 
important to the commercial fishing industry. 
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FIGURE 12.16 Some of the conditions that ' . 6O°N 
occurred during the major El Niño event of 
1982—1983. 
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FIGURE 12.17 Regions of climatic abnormalities associated with El Niño-Southern 
Oscillation.conditions. A strong ENSO event may trigger a response in nearly all indicated 
areas, while a weak event will likely play a role in only some areas. Note that the months in _ 
heavy type indicate months during the same years the major warming began; months initalics 
indicate the [aJergho year. (After NOAA Climatic Analysis Center.) 
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Gulf Coast states. The total damage worldwide due to 
flooding, winds, and drought exceeded $8 billion. 

A much weaker ENSO episode occurred during 
1986-1987 as surface water west of Peru warmed to 
above normal temperatures throughout January, 1986. 
By March, 1987, sea-surface temperatures were be- 
tween 1°C and 2°C above normal over a large part of the 
southern tropical and subtropical Pacific. At the same’ 
time, coastal Ecuador and northwestern Peru were de- 
luged with heavy rain. Meanwhile, the subtropical jet 
over North America (being fueled by the warm equato- 
rial Pacific) curved its way over the southeastern 
United States, where it brought abundant rainfall to a 
region that, during the previous summer, had suffered 
through a devastating drought. The northward dis- 
placement of the polar jet provided western Canada 
with a mild winter. l 


Following an ENSO event, the trade winds usually - 


return to normal. However, if the trades are exception- 


ally strong, unusually cold surface water moves Over, 
the central and eastern Pacific, and the warm water - 


and rainy weather is confined mainly to the western 


tropical Pacific. This cold-water episode, which is the ~ 


opposite of El Niño conditions, has been termed 
La Niña (the girl child). Some scientists speculate that 


the exceptionally cold La Niña of 1988 may have con- . 


tributed to the summer drought over North America 
that year. 

Are ENSO episodes predictable? At this time, the 
answer is unknown. We do know, however, that El 


In this chapter, we have described the large-scale 
patterns of wind and pressure that persist around the 
world. We found that, at the surface in both hemi- 
spheres, the trade winds blow equatorward from the 
semipermanent high-pressure areas centered near 30° 
latitude. Near the equator, the trade winds converge 
along a boundary known as the intertropical con- 
vergence zone (ITCZ). On the poleward side of the 
subtropical highs are the prevailing westerly winds. 
The westerlies meet cold polar easterly winds along a 
boundary called the polar front, a zone of low pressure 
where middle latitude storms often form. The annual 


shifting of the major pressure areas and wind belts— 


northward in July and southward in January— 
strongly influences the annual precipitation of many 
regions. 
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Niño and the Southern Oscillation are part of a larĝe» 
scale ocean-atmosphere interaction that can-take sev- 
eral years to run its course. During this time, there are 
certain regions in the world where significant climatic 
responses to an ENSO event are likely. Using data 
from previous ENSO episodes, scientists at the Na- 
tional Oceanic and Atmospheric Administration’s 
Climatic Analysis Center have obtained a global pic- 
ture of where climatic abnormalities are most likely. 
(See Fig. 12.17.) 

Some scientists feel that the trigger necessary to 
start an ENSO event lies within the changing of the 
seasons, especially the transition periods of spring 
and fall. Others feel'that the winter monsoon plays a 
major role in triggering a major El Niño event. It ap- 
pears that an ENSO episode and the monsoon system 
are intricately linked, so that a change in one brings 
about a change in the other. 

Presently, scientists, with the aid of mathematical 


` general circulation models (GCMs), are trying to simu- 


late atmospheric and oceanic conditions, so that 
El Niño and the Southern Oscillation can be antici- 
pated. In addition, a ten-year in-depth study known as 
TOGA (Tropical Ocean and Global Atmosphere), 
which began in 1985, is providing scientists with val- 
uable information about the interactions that occur be- 
tween the ocean and the atmosphere. The hope is that 


“a better understanding of El Niño and the Southern 


Oscillation will provide improved long-range fore- 
casts of weather and climate. 


Aloft, warm air (high pressure) over low latitudes 
and cold air (low pressure) over high latitudes pro- 
duce westerly winds in both hemispheres, especially 
at middle and high latitudes. Near the equator, east- 
erly winds exist. The jet streams are located where 
strong winds concentrate into narrow bands. The 
polar front jet stream forms in response to temp erature 
contrasts along the polar front, while the subtropical 
jet stream forms at higher elevations above the sub- 
tropics, along an upper-level boundary called the sub- 
tropical front. 

Near the surface, we examined the interaction be- 
tween the atmosphere and oceans. We found the in- 
teraction to be an ongoing process where everything, 
in one.way or another, seems to influence everything 
else. On a large scale, winds blowing over the surface 
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of the water drive the major ocean currents; the 
oceans, in turn, release energy to the atmosphere, 
which helps to maintain the general circulation. 
Where winds and the Ekman Spiral move surface 
water away from a coastline, cold, nutrient-rich water 


upwells to replace it, creating good fishing. When at- | 


mospheric circulation patterns change and the trade 
winds weaken or reverse direction, warm tropical 
water is able to flow eastward toward South America, 
where it chokes off upwelling and produces disas- 
trous economic conditions. When the warm water ex- 


tends over a vast area of the tropical Pacific, the warm- 
ing is called a major El Niño event and the associated 
reversal of pressure over the Pacific Ocean is called the 
Southern Oscillation. The large-scale interaction be- 
tween the atmosphere and the ocean during El Niño 
and the Southern Oscillation (ENSO) affects global at- 
mospheric circulation patterns. The sweeping winds 
aloft provide too much rain in-some areas and not 
enough in others. Studies now in progress are de- 
signed to determine how the interchange between at- 
mosphere and ocean can produce such events. 


E KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. ae 


_ general circulation (of the atmosphere) 

Hadley cell | | r 
doldrums E 

subtropical highs 

horse latitudes 

trade winds 


intertropical convergence zone (ITCZ) Siberian high; 
westerlies _ jet streams 
polar front ~ subtropical jet 
` subpolar lows polar front jet 


Ferrel cell © 


Ei QUESTIONS FOR REVIEW 


1. Draw a large circle. Now, place the major surface 
pressure and wind belts of the world at their ap- 
propriate latitudes. 

_ 2. Explain how the average surface pressure features 
shift from summer to winter. l 

3. Why is it impossible on the earth for a Hadley cell 
to extend from the pole to the equator? 

4. Along a meridian line running from the equator to 
the poles, how does the general circulation help to 
explain zones of abundant and sparse precip- 
itation? lb e + 

5. Explain why the winds in the middle and upper 
troposphere tend to blow from west to east in both 
the Northern and the Southern Hemispheres. 


polar easterlies i 
semipermanent highs and lows 
Bermuda—Azores high _ 

. Pacific high 
Icelandic low 

Aleutian low 


tropical easterly jet 
stratospheric polar night jet 
low-level jet * 
oceanic front 
Ekman Spiral 
upwelling 
El Niño 
Southern Oscillation 
La Niña 


jet maximum (or jet streak) ` 


6. How does the polar front influence the develop- 


ment of the polar front jet stream? 
7. Describe how the conservation of angular momen- 
tum plays a role in the formation of a jet stream. 
8.. Why is the polar front jet stream stronger in winter 
than in summer? i 
9. Why does the low-level jet over the Central Plains 
blow mainly from the south? 
10. Explain the relationship between the circulation 
of air and the circulation of ocean currents. 
11. List at least four important interactions that exist 
between the ocean and the atmosphere. 
12. Describe how the Ekman Spiral forms. 
13. What conditions are necessary for upwelling to 
occur along the west coast of North America? The 
east coast of North America? 


14. Describe how the Southern Oscillation influences 
the phenomenon known as El Niño. 
15. What are the conditions over the tropical eastern 
and central Pacific Ocean during the phenomenon 
known as La Niña? 


| QUESTIONS FOR THOUGHT 


(5. What effect would continents have on the circula- 
tion of air in the single-cell model? 

2. How would the general circulation of air appearin 
summer and winter if the earth were tilted on its 
axis at an angle of 45° instead of 23Y2”? 

Summer weather in the southwestern section of 
the United States is influenced by a subtropical 
high-pressure cell, yet Fig. 12.3b shows an area of 

__ low pressure at the surface. Explain. 

(4) Explain why icebergs tend to move at right angles 

__ to the direction of the wind. 

€) Over the open ocean in the vicinity of the Pacific 

high, observations have indicated that ozone con- 
centrations hundreds of meters above the surface 
are greater than expected. Givea possible explana- 
tion for this. 

6. Give two reasons why pilots would prefer to fly in 
the core of a jet stream rather than just above or 
below it. 

7. Why do the major ocean currents in the North In- 
dian Ocean reverse direction between summer 
and winter? 

(a) Explain why the surface water temperature along 
the northern California coast is warmer in winter 
than it is in summer. 

9. You are given an upper-level map that shows the 
position of two jet streams. If one is the polar front 
jet and the other the subtropical jet, how would 
you be able to tell which is which? 

10. The Coriolis force deflects moving water to the 
right in the Northern Hemisphere and to the left in 
the Southern Hemisphere. Why, then, does up- 
welling tend to occur along the western margin of 
continents in both hemispheres? 


E PROBLEMS AND EXERCISES 


1. Locate the following cities on a world map. Then, 


based on the general circulation of surface winds, 


predict the prevailing wind for each one during July 
and January. i 
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(a) Nashville, Tennessee 

(b) Oklahoma City, Oklahoma 
(c) Melbourne, Australia 

(d) London, England 

(e) Paris, France 

(f) Reykjavik, Iceland 

(g) Fairbanks, Alaska 

(h) Seattle, Washington 


. Suppose a balloon is released over Los Angeles on 


the morning of April 18, 1979. (Refer to Fig. 12.7, 


`p. 314.) If the balloon rises to the 300-mb level and 


is “caught” by the jet stream, calculate about how 
long it would take the balloon to cross the Canadian 
border. | 


. Below is a list of average weather conditions that 


prevail during the month of July at San Francisco, 
California, and Atlantic City, New Jersey. Both 
cities lie adjacent to an ocean at nearly the same 
latitude; however, the average weather conditions 
vary greatly. In terms of the average surface winds 
and pressure systems (Fig. 12.3b) and the interac- 
tion between the atmosphere and ocean, explain 
what accounts for the variation between the two 


- cities of each weather element. a 


Atlantic City, New Jersey 
(latitude 39°N) 


Average weather, July 


Temperature maximum 84°F 
minimum 66°F 
Dew point 64°F 
Precipitation 3.72 in. 
Prevailing wind S 


Weather: Clear to partly cloudy with 
the possibility of afternoon showers 
Water temperature 70°F 


San Francisco, California 
(latitude 37°N) 


Average weather, July 


Temperature maximum 64°F 

minimum 53°F 

Dew point 53°F 
Precipitation : 0.01 in. 

_ Prevailing wind NW 
Wind speed (average) 11 mph 


Weather: Fog and low clouds during the 
nightand morning with afternoon - 
clearing ; 
Water temperature — j 53°F 


An approaching cold front with a band of cumulonimbus clouds moves southeastward 
across the plains of Colorado. (Photo by author) 
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About two o'clock in the afternoon it began to grow dark from a 
heavy, black cloud which was seen in the northwest. Almost 
instantly the strong wind, traveling at the rate of 70 miles an 
hour, accompanied by a deep bellowing sound, with its icy 
blast, swept over the land, and everything was frozen hard. The 
water in the little ponds in the roads froze in waves, sharp edged 
and pointed, as the gale had blown it. The chickens, pigs and 
other small animals were frozen in their tracks. Wagon wheels 
ceased to roll, froze to the ground. Men, going from their bams 
or fields a short distance from their homes, in slush and water, — 
returned a few minutes later walking on the ice. Those caught 
out on horseback were frozen to their saddles, and had to be 
lifted off and carried to the fire to be thawed apart. Two young 
men were frozen to death near Rushville. One of them was 
found with his back against a tree, with his horse’s bridle over 
his arm and his horse frozen in front of him. The other was partly 
in a kneeling position, with a tinder box in one hand anda flint in 
the other, with both eyes wide open asif intent on trying to strike 
a light. Many other casualties were reported. As to the exact 
temperature, however, no instrument has left any record; but 
the ice was frozen in the stream, as variously reported, from six 
inches to a foot in thickness in a few hours. 


John Moses, Illinois: Historical and Statistical 


The opening details the passage of a spectacular cold 
front as it moved through Illinois on December 21, 
1836. Although no reliable temperature records are 
available, estimates are that, as the front swept 
through, air temperatures dropped almost instantly 
from the balmy 40s (°F) to 0 degrees. Fortunately, tem- 
perature changes of this magnitude are quite rare with 
cold fronts. 

In this chapter, we will examine the more typical 
weather associated with cold fronts and warm fronts. 
We will address questions such as: Why are cold 
fronts usually associated with showery weather? How 
can warm fronts cause freezing rain and sleet to form 
over a vast area during the winter? And how can one 
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read the story ofan approaching warm front by observ- 
ing its clouds? But, first, so that we may better under- 


stand fronts, we will examine air masses. We will look. 


at where and how they form and the type of weather 
usually associated with them. 


E AIR MASSES 


An air mass is an extremely large body of air whose 
properties of temperature and moisture are fairly simi- 
lar in any horizontal direction at any given altitude. 
Air masses may cover many thousands of square kilo- 
meters. In Fig. 13.1, a large winter air mass, associated 
with a high-pressure area, covers over half of the 
United States on January 9, 1976. Note that, although 
the surface air temperature and dew point vary some- 
what, everywhere the air is cold and dry, with the ex- 
ception of the zone of snow showers on the eastern 
shores of the Great Lakes. This cold} shallow anticy- 
clone will drift eastward, carrying with it the tempera- 
ture and moisture characteristic of the region where 
the air mass formed; hence, in a day or two, cold air 
will be located over the central Atlantic Ocean. Part'of 
weather forecasting is, then, a matter of determining 
air mass characteristics, predicting how and why they 
change, and in what direction the systems will move. 


FIGURE 13.1 A large, extremely cold 
winter air mass is dominating the weather 
. Over much of the United States on the 
moming of January 9, 1976: At almost all 
cities, the air is cold and dry. Upper 
number is air temperature (°F); bottom 
number is dew point (°F). ` 


SOURCEREGIONS Regions where air masses originate: 
: are known as source regions. In order for a huge mass 
_ of air to develop uniform characteristics, its/source re- 


gion should be generally flat and of uniform composi- 


tion, with light surface winds. The longer the air re- 


mains stagnant over its source region, the more likely 
it will acquire properties of the surface below. Conse- 
quently, ideal source regions are usually those areas 
dominated by high pressure. They include the ice- and 
snow-covered arctic plains in winter and subtropical! 
oceans and desert regions in summer. The middle 
latitudes, where surface temperatures and moisture 
characteristics vary considerably, are not good source 
regions. Instead, this region is a transition zone where 
air masses with different physical properties move in, 
clash, and produce an exciting array of weather ac- 


_ tivity. 


CLASSIFICATION Air masses are grouped into “four 
general categories according to their source region. Air 
masses that originate in polar latitudes are designated 
by.the capital letter “P” (for Polar); those that fornvin 
warm tropical regions are designated by the capital 


letter “T” (for Tropical). If the source region is land, 


the air mass will be dry and the lowercase letter “c” 
(for continental) precedes the P or T. If the air mass 


Wi 


pT 20 >? Philadelphia 
-9 Pittsburgh 


1024 
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originates over water, it will be moist—at least in the | 
lower layers—and the lowercase letter “m” (for mari- 


time) precedes the P or T. We can now see that polar 
air originating over land will be classified cP ona sur- 
face weather chart, while tropical air originating over 
water will be marked as mT. In winter, an extremely 
cold cP air mass is designated as cA, continental arc- 
tic. Often, however, it is difficult to distinguish be- 
tween arctic and polar air masses, especially when the 
arctic air mass has traveled over warmer terrain. By 


_the same token, an extremely hot, humid air mass orig- 


inating over equatorial waters is sometimes desig- 
nated as mE, for maritime equatorial. Distinguishing 
between equatorial and tropical air masses is usually 
difficult. Table 13.1 lists the four basic air masses. 

After the air mass spends some time over its source 
region, it usually begins to move in response to the 
winds aloft. As it moves away from its source region, it 
encounters surfaces that may be warmer or colder than 
itself. The relationship between the air mass and its 
present environment leads to an additional classifica- 
tion. If the ‘air mass is colder than the surface over 
which it is moving, the lowercase letter “k” (for cold) 
is added. When the air mass is warmer than the under- 
lying surface, the lowercase letter “w” is added. 
Hence, a cPk air mass is polar air that originated over 
land and is presently colder than the surface directly 
beneath it. What is an mTw air mass? (Answer: Moist, 
tropical air that is warmer than the surface over which 
it is moving.) . 


When the air mass is colder than the underlying sur- ; 


face, it is warmed from below, which results in a 


steeper lapse rate and instability at low levels. In this ' 


case, increased convection and turbulent mixing near 


the surface usually produce good visibility, cumuli- - 


form clouds, and showers of rain or snow. On the other 


hand, when the air mass is warmer than the surface’ 
below, the lower layers are chilled by contact with the 
cold earth. Warm air above cooler air produces a stable - 


lapse rate with little vertical mixing. This causes the 
accumulation of dust, smoke, and pollutants, which 


restricts surface visibilities. In moist air, stratiform 
clouds accompanied by drizzle or fog may form. 


AIR MASSES OF NORTH AMERICA The principal air 


masses (with their source regions) that invade the 
United States are shown in Fig. 13.2. We are now ina 
position to study the formation and modification of 
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TABLE 13.1 M Air Mass Classification and Characteristics 


SOURCE 


TROPICAL 


REGION LM 
Land cP Y 
continental cold, dry, stable hot, dry, stable— 


(c) aloft; unstable— 
surface 
Water mP SIA Bie 
maritime cool, moist, = warm, moist; usu- 


(m) unstable ally unstable 


each of these air masses and the variety of weather that 
accompanies them. 


cP (CONTINENTAL POLAR) AND cA (CONTINENTAL ARCTIC) 
AIR MASSES | The bitterly cold weather that enters the 
United States in winter is associated with continental 


` polar and continental arctic air masses. These origi- 


nate over the ice- and snow-covered regions of north- 
ern Canada and Alaska where long, clear nights allow 
for strong radiational cooling of the surface. Air in 
contact with the surface becomes quite cold and 
stable. Since little moisture is added to the air, it is also 
quite dry, and specific humidities are often less than 
0.3 g/kg. Eventually a portion of this cold air breaks 
away and, under the influence of the air flow aloft, 
moves southward as an enormous shallow high- : 
pressure area. 

As the cold air moves into the interior plains, there 
are no topographic barriers to restrain it, so it con- 
tinues southward, bringing with it cold wave warn- 
ings and frigid temperatures. The infamous Texas 
norther is associated with cP (and cA) air. As the air 
mass moves over warmer land to the south, the air 
temperature moderates slightly and becomes cPk as it 
is heated from below. However, even during the after- | 
noon, when the surface air is most unstable, cumulus 
clouds are rare because of the extreme dryness of the 
air mass. At night, when the winds die down, rapid 
surface cooling and clear skies combine to produce 
low minimum temperatures. If the cold air moves as 
far south as central or southern Florida, the winter 
vegetable crop may be severely damaged. When the 
cold, dry air mass moves over a relatively warm body 
of water, such as the Great Lakes, heavy snow show- 
ers—called lake-effect snows—often form on the east- 
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FIGURE 13.2 Air mass source regions 
and their paths. 


ern shores. (More information on lake-effect snows is 
provided in the Focus section on p. 334.) | 

In winter, the generally fair weather accompanying 
cP air is due to the stable nature of the atmosphere 


aloft. Sinking air develops above the large ddme of 
high pressure. The subsiding air warms by compres-’ 


sion and creates warmer air, which lies above colder 
_ Surface air. Therefore, a strong upper-level subsidence 
inversion often forms. Should the anticyclone stag- 
nate over a region for several days, the visibility gradu- 
ally drops as pollutants become trapped in the cold air 


near the ground. Usually, however, winds aloft move - 


the cold air mass either eastward or southeastward: 
The Rockies, Sierra Nevada, and Cascades normally 
protect the Pacific Northwest from the onslaught of cP 
air, but, occasionally, cP air masses do invade these re- 
gions. When the upper-level winds over Washington 
and Oregon blow from the north or northeast on a 
trajectory beginning over northern Canada or Alaska, 
cold cP (and occasionally cA) air can slip over the 
mountains and extend its icy fingers all the way to the 
Pacific Ocean. As the air moves off the high plateau, 
over the mountains, and on into the lower valleys, 
compressional heating of the sinking air causes its 
temperature to rise, so that by the time it reaches the 
lowlands, it is considerably warmer than it was origi- 


» 


` A , 
nally. However, in no way would this air be consid- 
ered warm. In some cases, the subfreezing tempera- 
tures slip over the Cascades and extend southward 


«into the coastal areas of southern California. 


A similar but less dramatic warming of cP and cA air 
occurs along the eastern coast of the United States. Air 


_Tides up and over the lower Appalachian Mountains. 
- Turbulent mixing and compressional heating increase 


the air temperatures on the downwind side. Conse- 
quently, cities located to the east of the Appalachian. 
Mountains usually do not experience temperatures as 
low as those on the west side. In Fig. 13.1, notice that 
for the same time of day—in this case 7 A.M. EST— 
Philadelphia, with an air temperature of 14°F, is 16°F 


< (9°C) warmer than Pittsburgh, with an air temperature 


of —2°F. 
Figure 13.3 shows two upper-air wind patterns that 
led to extremely cold outbreaks of arctic air in 1977 


and 1978. Upper-level winds typically blow from west 


to east, but, in both of these cases, the flow, as given 
by the heavy, dark arrows, had a strong north-south 
(meridional) trajectory. The H represents the positions 
of the cold surface anticyclones. Numbers on the map 
represent minimum temperatures (°F) recorded dur- 
ing the cold spells. In the central and eastern parts of 
the United States, some of the lowest temperatures 


ever recorded occurred on the mornings of January 18 
and 19, 1977. Along the West Coast, the cold air mass 
caused ice to form on swimming pools in Los Angeles 
on the morning of December 8, 1978. Notice in both 
cases how the upper-level wind directs the paths of 
the air masses. 

The cP air that moves into the United States in sum- 
mer has properties much different from its winter 
counterpart. The source region remains the same but 


is now characterized by long summer days that melt 
snow and warm the land. The air is only moderately 


cool, and surface evaporation adds water vapor to the 
air. A summertime cP air mass usually brings relief 
from the oppressive heat in the central and eastern 
states, as cooler air lowers the air temperature to more 
comfortable levels. Daytime heating warms the lower 
layers, producing surface instability. With its added 
moisture, the rising air may condense and create a sky 
dotted with fair weather cumulus clouds (cumulus 
humilis). A typical profile of temperatures for a sum- 
mer and a winter cP air mass is given in Fig. 13.4. 
Notice that the strong i ions tin wini 


au 


FIGURE 13.3 Average upper-level wind flow 
(heavy arrows) and surface position of anti- 
cyclones (H) associated with two extremely cold’ 
outbreaks of arctic air. Numbers on the map 

~ represent minimum temperatures (°F) measured `; 


during each cold snap. 
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FIGURE 13.4 Vertical temperature profile for a summer and a winter 
cP air mass. 
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During the e when the weather in the 
Midwest is dominated by clear, brisk cP i 
air, people living on the eastern shores of 
the Great Lakes brace themselves for 
heavy snow showers. Snowstorms that 
form on the downwind side of one of 
these lakes are known as lake-effect 
snows. These storms are highly localized, 
extending from just a few kilometers to 

` more than 50 km inland. The snow usually 
- fallsasa heavy shower or squallina 

- concentrated zone. So centralized is the 

- region of snowfall, that one part of a city 
may accumulate many centimeters of 
snow, while, in another part, the groundis 
bare. 

Lake-effect snows are TSi numerous 
from November to January. During these 
months, cP air moves overthe lakes when 
they are relatively warm and not quite 

frozen. The contrast in temperature 
between water and air canbe as muchas 

25°C (45°F). Studies show that the greater 
the contrast in temperature, the greater 
the potential for snow showers. In Fig. 1, 
we Can see that, as the cold air moves 
over the warmer water, the air mass is 
quickly warmed from below, making it 
more buoyant and less stable. Rapidly, 
the air sweeps up moisture, soon 


becoming saturated. Out over the water, ~ 


the vapor condenses into steam fog. As 
the air continues to warm, it rises and 
forms billowing cumuliform clouds, which 
continue to grow as the air becomes more 
unstable. Eventually, these clouds 
produce heavy showers of snow, which 
- make the lake seem like a snow factory. 
Once the air and clouds reach the _ 
downwind side of the lake, additional 
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FIGURE1 The formation of lake-effect snows. Cold, dry air crossing the lake gains moisture 
and warmth from the water. The more buoyant air nowrises, forming clouds that deposit large 


. Quantities of snow on the lake’ s leeward shores. 


lifting is provided by low hills and the 


`- convergence of air as it slows down over 


the rougher terrain. In late winter, the 
frequency and intensity of lake-effect 
snows taper off as the temperature 
contrast between water and air diminishes 
and larger portions of the lakes freeze. 
Generally, the longer the stretch of 
water over which the air mass travels (the 
longer the fetch), the greater the amount 
of warmth and moisture derived from the 
lake, and the greater the potential for 
heavy snow showers. In fact, studies 
show that, for significant snowfall to 
occur, the air must move across 80 km 
(50 mi) of open water. Consequently, 
forecasting lake-effect snowfalls depends 
to a large degree on determining the 
trajectory of the air as it flows over the 
lake. Regions that experience heavy 
lake-effect snowfalls are shown in Fig. 2. 
As the cP air moves farther east, the 


` heavy snow showers usually taper off: 


however, the western slope of the 
Appalachian Mountains produces further 
lifting, enhancing the possibility of more - 


FIGURE2 Shaded areas show regions that 
experience heavy lake-effect snows. 


and heavier showers. The heat given off 
during condensation warms the air and, 
as the air descends the eastern slope, 
compressional heating warms it even 
more. Snowfall ceases, and by the time 
the air arrives at Philadelphia, New York, 
or Boston, the only remaining trace of the 
snow showers occurring on the other side 
of the mountains are the puffy cumulus 
clouds drifting overhead. 


When an air mass moves over a large body of water, 
its original properties may change considerably. For 
instance, cold, dry cP air moving over the Gulf of 
Mexico warms rapidly and gains moisture. The air 
quickly assumes the qualities of a maritime air mass. 
Notice in Fig. 13.5 that rows of cumulus clouds are 
forming over the Gulf parallel to northerly surface 
winds as cP air is being warmed by the water beneath 
it. As the air continues its journey southward into 
Mexico and Central America, strong, moist northerly 
winds build into heavy clouds (bright area) and show- 
ers along the northern coast. Hence, a once cold, dry, 
and stable air mass can be modified to such an extent 
that its original characteristics are no longer discern- 
ible. When this happens, the air mass is given a new 
designation. . l 

Notice also in Fig. 13.5 that a similar modification of 
cP air is occurring along the Atlantic Coast, as north- 
westerly winds are blowing over the mild Atlantic. 
When this air encounters the much wan Gulf 
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Vertical mixing brings down faster-flowing cold air 
from aloft. This creates strong, gusty surface wil 
and choppy seas, which can be hazardous to sí ips. 


FIGURE 13.5 Visible satellite picture 
showing the modification of cP air as it 
moves over the warmer Gulf of Mexico 
and the Atlantic Ocean. 
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‘Stream water, it warms rapidly and becomes unstable. + 
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Thus, the modification of cP air by a large body of 
water can adversely affect shipping. 

In summary, polar and arctic air masses are respon- 
sible for the bitter cold winter weather that can cover 
wide sections of North America. When the air mass 
originates over the Canadian Northwest territories, * 
frigid air can bring record-breaking low temperatures. 
Such was the case on Christmas Eve, 1983, when arc- 
tic air covered most of North America. (A detailed look 
at this air mass and its accompanying record-setting 
low temperatures is given in the Focus section begin- 
ning on p. 338.) 


mP (MARITIME POLAR) AIR MASSES During the winter, 
over Asia and frozen polar regions is 
and southward over the Pacific 


Y 


carried eastward 


Ocean by the circulation around the / Aleutian low. The 
ocean water modifies the cP air by adding warmth and 
| A AS f 


A 


ince this air has a fetch of many hun- 
dreds or even thousands of kilometers, it gradually 


_ changes into a maritime polar air mass. 


By the time this air mass reaches the Pacific Coast it 
is cool, moist, and unstable. The ocean’s effect is to 


keep air near the surface warmer than the air aloft. © 
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y Rain shower 
‘\. % Snow shower 


FIGURE 13.6 A winter upper-air pattern that brings mP air into the 
west coast of North America. The large arrow represents the 
upper-level flow. Note the trough of low pressure along the coast: The 
small arrows show the trajectory of the mP air at the surface. Regions 
. that normally experience precipitation under these conditions are also 
«shown on the map. E 


Temperature readings in the 40s and 50s (°F) are com- 
mon near the surface, while air at an altitude of about a 
kilometer or so may be at the freezing point. Within 
this colder air, characteristics of the original cP air 
mass may still prevail. As the air moves inland, coastal’ 


eu Freezing rain 
22 Light drizzle i 
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FIGURE 13.7 Winter and early spring surface weather patterns that 
usually prevail during the invasion of mP air into the mid-Atlantic and 
New England states. (Green-shaded areas represent precipitation.) 


mountains force it to rise, and much of its water vapor 
condenses into rain-producing clouds. In the colder 
air aloft, the rain changes to snow, with heavy 
amounts accumulating in mountain regions. A typical 
upper-level wind-flow pattern that brings mP air onto 
the west coast of North Americais shownin Fig. 13.6. 
When the mP air moves inland, it t loses much of its 
moisture as it crosses a series of mountain ranges. 
Beyond these mountains, it travels over a cold, ele- - 
vated plateau that chills the surface air and slowly 
transforms the lower level into dry, stable cP air. East 
of the Rockies this air mass often brings fair weather 
and temperatures not nearly as cold as the frigid cA 
air, which invades this region from northern Canada. 
In fact, when mP air from the west replaces retreating 
cP air from the north, chinook winds often develop. ' 
Furthermore, when the modified mP air replaces 
moist tropical air, storms can form along the boundary 


a 


separating the two air masses. 


Along the East Coast, mP air originates in the North 


` Atlantic as cP air moves southward some distance off 


the Atlantic Coast. It then swings southwestward to- 


‘ward the northeastern states. Because the water of the 


North Atlantic is very cold and the fetch is short wine. 
tertime Atlantic mP air masses are usually much 
colder than their Pacific counterparts. Because the 


_ prevailing winds aloft are westerly, Atlantic mP air 


masses are also much less common. . ’ 
Figure 13.7 illustrates a typical late winter or early 
spring surface weather pattern that carries mP air from 
the Atlantic into the New England and middle Atlan- 
tic states. A slow-moving, cold anticyclone drifting to 
the east (north of New England) causes a northeasterly 
flow of mP air to the south, The boundary separating 
this invading colder air from warmer air even farther 
south is marked by a stationary front. North of this 
front, northeasterly winds provide generally undesir- _ 
able weather, consisting of damp air and low, thick 
clouds from which light precipitation falls in the form 
of rain, drizzle, or snow. When upper atmospheric 
conditions are right, storms may develop along the sta- 
tionary front, move eastward, and intensify into At- 
lantic northeasters near the shores of Cape Hatteras. 
(Such developing storms will be treated in detail in 


‘the next chapter.) 


mT (MARITIME TROPICAL) AIR MASSES. The wintertime- 
source region for Pacific maritime tropical air masses 


is the subtropical east Pacific Oceam: Air from this re- 
gion must travel over 1600 km of water before it 
reaches the southern California coast. Consequently, 


“these air masses are very warm and moist by the time 


they arrive along the West Coast. The warm air pro- 
duces heavy precipitation usually in the form of rain, 
even at high elevations. Melting snow and rain 


- quickly fill rivers, which overflow into the low-lying 


valleys. The rapid snowmelt leaves local ski slopes 
barren, and the heavy rain can cause disastrous 
mudslides in the steep canyons. Fortunately, the inva- 
sion of a real mT air mass into latitudes north of south- 
ern California is rare. . _ 

The mT air that influences much of the weather east 
of the Rockies originates over the Gulf of Mexico and 
Caribbean Sea. In winter, cold polar air tends to domi- 
nate the continental weather scene, so mT air is usu- 
ally confined to the Gulf and extreme southern states. 
Occasionally, a slow-moving storm system over the 
Central Plains draws mT air northward. Gentle, moist 
south or southwesterly winds blow into the central 


and eastern parts of the nation in advance of the sys- 


tem. Since the land is still extremely cold, air near the 
surface is Chilled to its dew point. Fog and low clouds 
form in the early morning, dissipate by midday, and 
reform in the evening. This mild winter weather in the 
Mississippi and Ohio valleys lasts, at best, only a few 
days. Soon cold polar air will move down from the 
north behind the eastward-moving storm system. 


FIGURE 13.8 Weather conditions during an 
unseasonably hot spell in the East that occurred 
between the 15th and 20th of April, 1976. The 
surface low-pressure area and fronts are shown 
for April 17. Numbers to the east of the low (in red) 
are maximum temperatures recorded during the 
hot spell, while those to the west of the low (in 
blue) are minimums reached during the same time 
period. The heavy arrowis the average upper-level 
flow during the period. The dashed L and H show 
average positions of the upper-level trough and 
ridge. 


Minimum temperatures (°F)| 
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Along the boundary between the two air masses, the 
mT air is lifted above the more dense cP air. This often 
leads to heavy and widespread precipitation and 
storminess. 

When a storm system stalls over the Central Plains, a . 
constant supply of mT air from the Gulf of Mexico can 
bring record-breaking maximum temperatures to the 
eastern half of the country. Sometimes the air temper- 
atures are higher in the mid-Atlantic states than they 
are in the Deep South, as compressional heating 
warms the air even more as it moves downslope after 
crossing the Appalachian Mountains. Figure 13.8 
shows a surface weather map and the associated upper 
air flow (heavy arrow) that brought unseasonably 
warm mT air into the central and eastern states during 
April, 1976. A large high centered off the southeast 
coast coupled with a strong southwesterly flow aloft 
carried warm, moist air into the Midwest and East, 
causing a record-breaking April heat wave. The flow 
aloft prevented the surface low and the cP air behind it 
from making much eastward progress, SO that the 
warm spell lasted for five days. Providence, Rhode 
Island, experienced a record-breaking high tempera- 
ture for April of 36°C (96°F). Note that, on the west side 
of the surface low, the winds aloft funneled cold cP air 
from the north into the western states, creating unsea- 
sonably cold weather from California to the Rockies. 
Hence, while people in the Southwest were huddled 
around heaters, others several thousand kilometers 
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The winter of 1983-1984 was one of the 
coldest on record across North America. 
Unseasonably cold weather arrived in ' 
December, which, for much of the ` 
country, was one of the coldest Decem- 
bers since records have been kept. - 
During the first part of the month, 
continental polar air covered most of the 
northem and central plains. As the cold air 
moderated slightly, far to the north a huge 
mass of bitter cold arctic air was forming 
over the frozen reaches of the Canadian 
Northwest territories. >... 
By midmonth, the frigid air, associated 
with a massive high-pressure area, - 
covered all of northwest Canada. 
Meanwhile, an upper-level ridge was 
forming over Alaska. On the eastern side 
of the ridge, strong northerly winds 
associated with the jet stream directed 
_ the frigid air southward over the prairie 
provinces of Canada. A portion of the cold 
air broke away, and, like a large swirling 
bubble, it moved as a cold, shallow 
anticyclone over the Great Plains of the 
United States. Along the southwestern 
margin of the cold air, a weak storm 
developed and moved eastward into the 
Great Lakes. Behind the storm, strong, . 
upper-level northerly winds directed the 
leading edge of a massive surface. - 
-anticyclone and extraordinarily cold air 
southward into the United States. 
Because the frigid air was accompanied in 
some regions by winds gusting to 45 
knots, at least one news reporter dubbed 
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THE RETURN OF THE SIBERIAN EXPRESS 
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the onslaught of this arctic blast, “the 
Siberian Express.”* 

The express dropped temperatures to 
some of the lowest readings ever 
recorded during the month of December. 
On December 22, Elk Park, Montana, 
recorded an unofficial low of —53°C 


(—64°F), only 4°C higher than the all-time | 


low of —57°C (—70°F) for the nation 
(excluding Alaska) recorded at Rogers : 


_ Pass, Montana, on January 20, 1954. 


The center of the massive anticyclone 
gradually pushed southward out of 
Canada. By December 24, its center was 
over eastern Montana (Fig. 3), where the 


sea level pressure at Miles Cityreached an _ 


incredible 1064 mb (31.40 in.}—a new 


_ United States record that topped the old 


mark of 1063 mb set in Helena, Montana, 


- on January 10, 1962. An enormous ridge 
_ of high pressure stretched from the 
Canadian arctic coast to the Gulf of 


Mexico. On the east side of the ridge, cold 
westerly winds brought lake-effect snows 
to the eastern shores of the Great Lakes. 
To the south of the high-pressure center, 
cold easterly winds, rising along the 
elevated plains, brought light amounts of 
upslope snow to sections of the Rocky 
Mountain states. Notice in Fig. 3 that, on 
Christmas Eve,-arctic air covered almost 
90 percent of the United States. As the 


*Cold, arctic outbreaks such as this are also 
called Alberta Clippers. 


` cold air swept eastward and southward, a. 


hard freeze caused hundreds of millions 
of dollars in damage to the fruit and 
vegetable crops in Texas, Louisiana, and 
Florida. On Christmas Day, 125 record 
low temperature readings were set in 
twenty-four states. That afternoon, at 


1:00 P.M., it was actually colder in Atlanta, 


Georgia, at —13°C than it was in 
Fairbanks, Alaska (— 12°C). The worst 
cold wave to occur in December during 
this century continued through the week, 
as many new record lows were estab- 
lished in the deep south from Texas to 
Louisiana. a 
By January 1, the extreme cold had 
moderated, as the upper-level winds 
became more westerly. These winds  ) 
brought milder mP Pacific air eastward ” ` 
into the Great Plains. The warmer pattern 
continued until about January 10, when + 
the Siberian Express decided to make a 
return visit. Driven by strong upper-level 
northerly winds, impulse after impulse of 
arctic air from Canada swept across the 
United States. On January 18, an all-time 
record low of —54°C (—65°F) was 
recorded for the state of Utah at Middle 
Sinks. On January 19, temperatures . 
plummeted to a new low of —22°C (—7°F) 
for the airports in Philadelphia and 
Baltimore. Toward the end of the month, 
the upper-level winds once again became 
more westerly. Over much of the nation, 


‘the cold air moderated. But the express 


was to return at least one more time. 
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FIGURE 3 ‘Surface weather map for 

7 AM., EST, December 24, 1983. Solid 
lines are isobars. Shaded area represents 
precipitation. An extremely cold arctic air 
mass covers nearly 90 percent of the 
United States. (Weather symbols for the 
“surface map are given in Appendix B.) 


The beginning of February saw 
relatively warm air covering much ofthe 
nation from California to the Atlantic 
coast. On February 4, an arctic outbreak 
of cA air spread southward and eastward 
across the nation. Although freezing air 
extended southward into central Florida, 
the express ran out of steam, anda’ 


February heat wave soon engulfed most 
of the United States east of the Rocky 
Mountains. Maritime tropical air from the 
Gulf of Mexico brought record warmth to 
much of the eastern two-thirds of the 
nation. Near the middle of the month, 
Louisville, Kentucky, reported 23°C (73°F) 
and Columbus, Ohio, 21°C (69°F). Even 
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though February was one of the warmest 
months on record over parts of the United 
States, the winter of 1983-1984 
(December, January, and February) will 
go downin the record books as one of the 
coldest winters for the United States as a 
whole since reliable record keeping began 
in 1931. 
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away in the Northeast were turning on air condition- 
ers. We can see that it is the upper-level meridional 
flow, directing cP air southward and mT air north- 
ward, which makes these contrasts in temperature 
possible.. Car 

__ As maritime air moves inland over the hot conti- 
nent, it warms, rises, and frequently causes cumuli- 
form clouds, which produce afternoon showers and 
thunderstorms, You can almost count on thunder- 
storms developing along the Gulf Coast each afternoon 
in summer. As evening approaches, thunderstorm 
activity typically dies off. Nighttime cooling lowers 
the air temperature and, if the air becomes saturated, 
fog or low clouds form. These, of course, dissipate by 
late morning as surface heating warms the air again. 

__ A weak, but often persistent, flow around an upper- 
level anticyclone will spread mT air from the Gulf of 
Mexico into the southern and central Rockies, where it 
causes afternoon thunderstorms.’ Occasionally, this 
easterly flow may work its way even farther west, pro- 
ducing shower activity in the otherwise dry south- 
western desert. | 

- Normally, mT air originating in the tropical eastern 
Pacific remains far south of California. Occasionally, a 
weak upper-level southerly flow will spread this 
humid air northward into the southwestern United 
States, most often Arizona, Nevada, and soutHern 
California. In many places, the moist, unstable air aloft 
only shows up as middle and high cloudiness, espe- 
cially altocumulus and cirrocumulus castellanus. 
However, where the moist flow meets a mountain bar- 


rier, it usually rises and condenses into towering :.. 


-shower-producing clouds. ` ii 


cT (CONTINENTAL TROPICAL) AIRMASSES 'The only real. 


source region for hot, dry continental tropical air 


masses in North America is found during the summer ` 
in northern Mexico and the adjacent arid southwest- 


ern United States. Here, the air mass is hot, dry, and 
unstable at low levels, with frequent dust devils form- 
ing during the day. Because of the low relative humid- 
ity (typically less than 10 percent during the after- 
noon), air must rise over 3000 m (10,000 ft) before 
condensation. begins.. Furthermore, an upper-level 


ridge usually produces weak subsidence over the re- 


‘gion, tending to make the air aloft rather stable and the 


surface air even warmer. Consequently, skies are gen-: 


erally clear, the weather is hot, and rainfall is practi- 


- cally nonexistent where cT air masses prevail. If this 


air mass moves outside its source region and into the 
Great Plains and stagnates over that region for any 
length of time, a severe drought may result. Figure 
13.9 shows a weather map situation where cT air 
covers a large portion of the western United States and 
produces hot, dry weather northward to Canada. 

So far, we have examined the various air masses that 


enter North America annually. The characteristics of 


each depend upon the air mass source region and the 
type of surface over which the air mass moves. The 
winds aloft determine the trajectories of these air 
masses. Occasionally, an air mass will control the 
weather in a region for some time. These persistent 
weather conditions are known as air mass weather. 
Air mass weather is especially common in the 
southeastern United States during summer as, day 
after day, mT air from the Gulf brings sultry conditions 


and afternoon thunderstorms. It is also common in the’ 


Pacific Northwest in winter when unstable, cool mP 
air accompanied by widely scattered showers domi- 

nates the weather for several days or more. The real’ 
weather action, however, usually occurs not within 

air masses but at their margins, where air masses with 

sharply contrasting properties meet—in the zone 
marked by weather fronts. * 


= FRONTS 


Although we briefly looked at fronts in Chapter 1, we 
are now in a position to study them in depth, which 


will aid us in forecasting the weather. We will now 


learn about the general nature of fronts—how they 
move and what weather patterns are associated with 
them. i nai j 

A front is the transition zone between two air 
masses of different densities. Since density differ- 


ences are most often caused by temperature differ- 


ences, fronts usually separate air masses with con- 
trasting temperatures. Often, they separate air masses 


with different humidities as well. Remember that air 


*The word “front” is used to denote the clashing of two air masses, 
probably because it resembles the fighting in Western Europe dur- 
ing World War I, when the term originated. 


~ 
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masses have both horizontal and vertical extent; con- 
sequently, the upward extension of a front is referred 
to as a frontal surface, or a frontal zone. 

Figure 13.10 shows a simplified weather map illus- 
trating four different fronts. As we move from west to 
east across the map, the fronts appear in the following 
order: a stationary front between points A and B; a 
cold front between points B and C; a warm front be- 
tween points C and D; and an occluded front between 
points C and L. Let's examine the properties of each of 
these fronts. 


STATIONARY FRONTS A stationary front has essen- * 


tially no movement. On a colored weather map, it is 
drawn as an alternating red and blue line. Semicircles 


“face toward colder air on the red line and triangles 


point toward warmer air on the blue line. The station- 
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FIGURE 13.9 During August 6thand 7th, 
1983, cT air covered a large area of the 
western United States. Numbers on the 
map represent maximum temperatures 
(°F) during this period. The dashed H with 
the contour line shows the position of a 
subtropical high at 500 mb. Sinking air 
associated with the high contributed to the 
hot weather. Winds aloft were weak with 
the main flow (heavy line) positioned over 
Canada. 


ary front between points A and B in Fig. 13.10 marks 

the boundary where cold, dense cP air from Canada 

butts up against the north-south trending Rocky 

Mountains. Unable to cross the barrier, the cold air 

shows little or no westward movement. The stationary 

front is drawn along a line separating the cP from the 

milder mP air to the west. Notice that the surface. 
winds tend to blow parallel to the front, but in oppo- 
site directions on either side of it. 

The weather along the front is clear to partly cloudy, 
with much colder air lying on its eastern side. Because 
both air masses are dry, there is no precipitation. This 
is not, however, always the case. When warm, moist 
air rides up and over the cold air, widespread cloudi- 
ness with light precipitation can cover a vast area. 
These are the conditions that prevail north of the east- 
west running stationary front depicted in Fig. 13.7. 
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FIGURE 13.10 A simplified weather map 
showing surface pressure systems, air 

. masses, and fronts. (Green-shaded area 
represents precipitation.) * A 


» Y 


FIGURE 13.11 A closer look at the surface 
weather associated with the cold front 
situated in the southeastern United States in 
Fig. 13.10. 


PET 


If the warmer air to the west begins to move and re- 
place the colder air to the east, the front in Fig. 13.10 
will no longer remain stationary; it will become a 
warm front. If, on the other hand, the colder air slides 
up over the mountain and replaces the warmer air on 
the other side, the front will become a cold front. 


COLD FRONTS The cold front between points B and C 
on the surface weather map (Fig. 13.10) represents a 
zone where cold, dry, stable polar air is replacing 
warm, moist unstable tropical air. The front is drawn 
as a solid blue line with the triangles along the front 
showing its direction of movement. How did the me- 
teorologist know to draw the front at that location? A 
closer look at of the situation will give us the answer. 
The weather in the immediate vicinity of this cold 
front in the southeastern United States is shown in 
Fig. 13.11. The data plotted on the map represent the 
current weather at selected cities. The station model 
used to represent the data at each reporting station isa 
simplified one that shows temperature, dew point, 
present weather, cloud cover, sea level pressure, wind 
direction and speed. The little line in the lower right- 


-hand corner of each station gives the pressure ten- 


dency during the last three hours. With.all of this 


- information, the front can be properly located. (Ap-: 


pendix B explains the weather symbols and the station 
model more completely.) 

The following criteria are used to locate a front on a 
surface weather map: 


1. sharp temperature changes over a relatively short 
distance 

2. changes in the air’s moisture content (as shown by 
marked changes in the dew point) 

3. shifts in wind direction 

. pressure and pressure changes 

5. clouds and precipitation patterns 


> 


In Fig. 13.11, we can see a large contrast in air tem- 
perature and dew point on either side of the front. 
There is also a wind shift from southwesterly ahead of 


the front, to northwesterly behind it. Notice that each ` 
_ isobar kinks as it crosses the front, forming an elon- 


gated area of low pressure—a trough—which ac- 


’ > ‘ a E A ` 
counts for the wind shift. Since surface winds nor- 


mally blow across the isobars toward lower pressure, 
we find winds with a southerly component ahead of 
the front and winds with a northerly component be- 
hind it. 
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Since the cold front is a trough of low pressure, 
sharp changes in pressure can be significant in locat- 
ing the front’s position. One important fact to re- 
member is that the lowest pressure usually occurs just 
as the front passes a station. Notice that, as you move 
toward the front, the pressure drops, and, as you move. 
away from it, the pressure rises. This is clearly shown 
by the pressure tendencies for each station on the map. 
Just before the front passes, the pressure tendency 
shows a falling barometer (\), while just behind the 
front, the barometer is now beginning to rise (/), and 
farther behind the front, the barometer is rising stead- 
ily (/). 

The cloud and precipitation patterns are better seen 
in a side view of the front along the line X-X’ (Fig. 
13.12). Wecan see from Fig. 13.12 that, at the front, the 
cold, dense air wedges under the warm air, forcing it 
upward. As the moist, unstable air rises, it condenses 
into a series of cumuliform clouds. Strong, Upper- 


- level westerly winds blow the delicate ice crystals 


(which form near the top of the cumulonimbus) into. . 
cirrostratus and cirrus. These clouds usually appear 
far in advance of the approaching front. At the front it- 
self, a relatively narrow band of thunderstorms pro- 
duces heavy showers with gusty winds. Behind the 
front, the air cools quickly. (Notice how the freezing 
level dips as it crosses the front.) The winds shift from 
southwesterly to northwesterly, pressure rises, and 
precipitation ends. As the air dries out, the skies clear, 
except for a few lingering fair weather cumulus (Cu) 
clouds. oe 

Observe that the leading edge of the front is steep. 
The steepness is due to friction, which slows the air 
flow near the ground. The air aloft pushes forward, 
blunting the frontal surface. If we could walk from 
where the front touches the surface back into the cold 
air, a distance of 50 km, the front would be about 1 km 
above us. Thus, the slope of the front—the ratio of ver- 
tical rise to horizontal distance—is 1:50. This is typi- 
cal for a fast-moving cold front—those that move 
about 25 knots. In a slower-moving cold front—one 
that moves about 15 knots—the slope is much more 
gentle, averaging about 1:100. 

With slow-moving cold fronts, clouds and precipi- 
tation usually cover a broad area behind the front. 
When the ascending warm air is stable, stratiform 
clouds, such as nimbostratus, become the predomi- 
nate cloud type and even fog may develop in the rainy 
area. Occasionally, out ahead of a fast-moving front, a 
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FIGURE 13.12 A vertical view of the weather across the cold frontin Fig. 13.11 along the lineX—X". 


line of active showers and thunderstorms, called a - 


squall line, develops parallel to and ahead of the ad- 


vancing front. A squall line precedes the front by 100 ' 


to 300 km (60 to 180 mi), producing heavy precipita- 
tion and strong, gusty winds. (We will examine squall 
lines more closely in Chapter 16.) 

As the temperature contrast across a front lessens, 
the front will often weaken and dissipate. Such a con- ; 
dition is known as frontolysis. On the other hand, an. 
increase in the temperature contrast across a front can 


cause it to strengthen and regenerate into a more vigor- : 


ous frontal system, a condition called frontogenesis.. 
An example of a regenerated front is shown in the 
infrared satellite pictures, Fig. 13.13. The cold front in 
Fig. 13.13a is weak, as indicated by the low clouds 
(gray tones) along the front. As the front moves 
offshore, over the warm Gulf Stream (Fig. 13.13b), it 
intensifies into a more vigorous frontal system as sur- 


face air becomes unstable and convective activity de- - 


velops. Notice thatextensive cloudiness and thunder- 
' storms are forming along the frontal zone, as indicated 
by the bright areas in the infrared picture? 
So far, we have considered the general weather pat- 
terns of “typical” cold fronts. There are, of course, ex- 
ceptions. For example, if the rising warm air is dry and 


stable, scattered clouds are all that form, and there is `- 
no precipitation. In extremely dry weather, a marked ` 


change in the dew point, accompanied by a slight 
- wind shift, may be the only clue to a passing front.’ 
During the winter, a series of cold polar outbreaks may 


cold front 


travel across the United States so quickly that warm 4 
air is unable to develop ahead of the front. In this case, 

frigid arctic air usually replaces cold polar air, and a | 
drop in temperature is the only indication that a cold | 
front has moved through your area. Along the West 

Coast, the Pacific Ocean modifies the air so much that" 

cold fronts, such as those described in the previous” 
section, are never seen. In fact, as a cold front moves 

inland from the Pacific Ocean, the surface temperature 


- contrast across the front may be quite small. Topo- 


graphic features usually distort the wind pattern so 
much that locating the position of the front and the 
time of its passage are exceedingly difficult. In this 
case, the pressure tendency is the most reliable indica- 


‘tion of a frontal passage. 


Cold fronts usually move southward or eastward, | 


but sometimes they move westward. In New England, 
_ this occurs when northeasterly surface winds, blow- 


ing clockwise around an anticyclone centered to the 


north over Canada, push a cold front southwestward 
-often as far south as Boston. Because the cold fro Ty 
- moves in from the east, it is known as a “back door’ 
- cold front. . As the front passes, westerly surface winds 


usually shift to easterly or northeasterly and tempera: 


tures drop as mP air flows in off the Atlantic Ocean. . 


Even though cold-front weather patterns have many | 
exceptions, learning these patterns can be to your ad- 
vantage if you live in the eastern two-thirds of the 


‘United States, where well-defined cold fronts are ex- l 


perienced. Knowing them improves your own ability 
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FIGURE 13.13 (a) The weakening cold front over land on the morning of November 21, 1975, 


intensifies into (b) a vigorous front over water on the moming of November 22, 1975. (Infrared satellite 
pictures.) i 
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WEATHER 
ELEMENT 


BEFORE PASSING 


to make short-range weather forecasts. For your refer- 
ence, Table 13.2 summarizes idealized cold-frontal 
weather. 


' WARM FRONTS In Fig. 13.10, a warm front is drawn 
_ along the solid red line running from points C to D. 
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FIGURE 13.14 Surface weather associated with a typical warm front. 


(Green-shaded area represents precipitation.) | 


TABLE 13.2 Œ Typical Weather Conditions Associated with a Cold Front : 


WHILE PASSING 


Winds | south-southwest gusty, shifting west-northwest 
Temperature warm A sudden drop steadily dropping 
Pressure falling steadily minimum, then sharp rise rising steadily 

Clouds increasing Ci, Cs, then either Tcu or Cb often Cu 

Tcu or Cb , 
Precipitation short period of showers heavy showers of rain or snow, decreasing intensity of show- 
sometimes with hail, thunder, ers, then clearing 
and lightning 4 
-© Visibility fairto poorin haze poor, followed by improving good except in showers 
Dew point high; remains steady sharp drop lowering 


AFTER PASSING 


Here, the leading edge of advancing mTw air from tHe 
Gulf of Mexico replaces the retreating cold mP from 
the North Atlantic. The direction of frontal movement 


is given by the half circles, which point into the cold’ 
air; this front is heading toward the northeast. The av- 


erage speed of a warm front is about 10 knots, or about 


half that of an average cold front. During the day, as i 


mixing occurs on both sides of the front, its movement 
may be much faster. Warm fronts often move in a 
series of rapid jumps, which show up on successive 
weather maps. At night, however, radiational cooling 
creates cool, dense surface air behind the front. This 
inhibits both lifting and the front’s forward progress. 
When the forward surface edge of the warm front pass- 
es a station, the wind shifts, the temperature rises, and 
the overall weather conditions improve. To see why, 
we will examine the weather commonly associated 
with the warm front both at the surface and aloft. 
Look at Figs. 13.14 and 13.15 closely and observe 
that the warmer, less-dense air rides up and over the 
colder, more-dense surface air. This rising of warm air 


over cold, called overrunning, produces clouds and 


precipitation well in advance of the front’s surface 


- boundary. The warm front that separates the two air < 


masses has an average slope of about 1:150, although it 
can be as gentle as 1:300—a much more inclined 
shape than that of a typical cold front. Warm air over- 
riding the cold air creates a stable atmosphere (see the 
vertical temperature measurements in Fig. 13.15b). 
Notice that a temperature inversion—called a frontal 
inversion—exists in the region of the upper-level 
front at the boundary where the warm air overrides the 


cold air. Another fact to notice is that the wind veers: 
(shifts clockwise) with altitude, so that the southeast- 
erly surface winds become southwesterly and west- 
erly aloft. 

Suppose we are standing at the position marked P’ 
in Figs. 13.14 and 13.15. Note that we are over 1200 km 
(750 mi) ahead of the surface front. Here, the surface 
winds are light and variable. The air is cold and about 
the only indication of an approaching warm front is 
the high cirrus clouds overhead. We know the front is 
moving slowly toward us and that within a day or soit 
will pass our area. Suppose that, instead of waiting for 
the front to pass us, we drive toward it, observing the 
weather as we go. . 

Heading toward the front, we noti ce that the cirrus 
(Ci) clouds gradually thicken into a thin, white veil of 
cirrostratus (Cs) whose ice crystals cast. halo around 
the sun.* Almost imperceptibly, the clouds thicken 
and lower, becoming altocumulus (Ac) and altostratus 


*If the warm air is relatively unstable, ripples or waves of cir- 
rocumulus clouds will appear as a “mackerel sky.” 
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- (As) through which the sun shows only as a faint spot, 


against an overcast gray sky. Snowflakes begin to fall, 


“and we are still over 500 km (300 mi) from the surface 


front. The snow increases, and the clouds thicken into" 
a sheetlike covering of nimbostratus (Ns). Theswinds 
become brisk and out of the southeast; while the ba- 
rometer slowly falls. Within 300 km (180 mi) of the 
front, the cold surface air mass is now quite shallow. 
The surface air temperature moderates and, as we ap- 
proach the front, the light snow changes first into sleet. 
Itthen becomes freezing rain and finally rain and driz- 
zle as the air temperature climbs above freezing. Over- 
all, the precipitation remains light or moderate but 
covers a broad area. Moving still closer to the front, 
warm, moist air mixes with cold, moist air producing 
ragged wind-blown stratus (St) and fog. (Thus, flying 
in the vicinity of a warm front is quite hazardous.) 
Finally, after a trip of over 1200 km, we reach the 
warm front's surface boundary. As we cross the front, 
the weather changes are noticeable, but much less pro- 
nounced than those experienced with the cold front; 
they show up more asa gradual transition rather thana 
sharp change. On the warm side of the front, the air 


(a) 


FIGURE 13.15 Vertical view of (a) the clouds and precipitation and (b) the temperature and winds 
across the warm front in Fig. 13.14 along the line P-P". 
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temperature and dew point rise, the wind shifts from 
southeast to south or. southwest, and the barometer 
“stops falling. The light rain ends and, except for a few 
stratocumulus (Sc), the fog and low clouds vanish. 
This scenario of an approaching warm front repre- 
sents average warm-front weather. In some instances, 
the weather can differ from. this dramatically. For 
example, if the overrunning warm airis relatively dry 
_and stable, only high and middle clouds will form, 
and no precipitation will occur. On the other hand, if 
the warm air is relatively moist and unstable (as is 
often the case during the summer), heavy showers can 
develop as thunderstorms (Cb) become embedded in 
the cloud mass. J j 
Along the West Coast, the Pacific Ocean signifi- 
cantly modifies the surface air so that warm fronts are 
difficult to locate on a surface weather map. Also, not 


all warm fronts move northward or northeastward. On ~- 


rare occasions, a front will move into the eastern sea- 
board from the Atlantic Ocean as the front spins all the 
way around a deep storm positioned off the coast. 
Cold northeasterly winds ahead of the front usually 
become warm northeasterly winds behind it. Even 
with these exceptions, knowing the normal sequence 
of warm-front weather will be useful, especially if you 
live east of the Rockies, where warm fronts become 
well developed. You can look for certain cloud and 
weather patterns and make reasonably accurate short- 
range forecasts of your own. Table 13.3 summarizes 
typical warm-front weather. E y 


TABLE 13.3 M Typical Weather Associated with a Warm Front 


WEATHER 
ELEMENT 


i -BEFORE PASSING 


WHILE PASSING 


| Winds south-southeast variable south-southwest 
Temperature cool—cold,slowingwarming steady rise warmer, then steady 

Pressure usually falling leveling off slight rise, followed by fall 
Clouds in this order: Ci, Cs, As,Ns,St  stratus-type clearing with scattered Sc; 

and fog; occasionally Cb occasionally Cb in summer 
in summer 
Precipitation lighttomoderaterain,snow, drizzle ornone usually none; sometimes light 
x sleet, or drizzle i rain or showers 
Visibility poor poor, butimproving fairin haze 
Dew point steady rise steady rise, then steady 


OCCLUDED FRONTS When a cold front catches up:to 
and overtakes a warm front, the frontal boundary 
created between the two air masses is called an 
occluded front, or, simply, an occlusion. On the sur- 
face weather map, it is represented as alternating cold- 


front triangles and warm-front half circles; both sym- 


bols point in the direction toward which the front is 
moving. In Fig. 13.10, the occluded front is shown by a 
solid purple line. Notice that the airbehind the front is 
colder than the air ahead of it. This is known as a cold: 
type occluded front, or-cold occlusion. Let's see how 


- this front develops. 


The development of a cold occlusion is shown in 
Fig. 13.16. Along line A—A”, the cold front is rapidly 
approaching the slower-moving warm front. Along 
line B-B’, the cold front overtakes the warm front, 
and, as we can see in the vertical view across C-C’, 
lifts both the warm front and the warm air mass off the , 
ground. As a cold-occluded front approaches, the 
weather sequence is similar to that of a warm front 


with high clouds lowering and thickeninginto middle 2 


and low clouds, with precipitation forming well in ad- 


vance of the surface front. Since the front representsa , 


trough of low pressure, southeasterly winds and fall+ 
ing barometers occur ahead of it. The frontal passage, ` 
however, brings weather similar to that of a cold front: 


heavy, often showery precipitation with winds shift- * 


ing to west or northwest. After a period of wet weather, 
the sky begins to clear, barometers rise, and the air 
turns colder. The most violent weather usually occurs 


AFTER PASSING 


Very cold 


Altitude (km) 


valent type of front that moves into the Pacific coastal 
states. Occluded fronts frequently form over the North 
Pacific and North Atlantic, as well as in the vicinity of 
the Great Lakes. PS 
Continental polar air over eastern Washington and 
Oregon may be much colder than milder maritime 
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polar air moving inland from the Pacific Ocean. Figure 
13.17 illustrates this situation. Observe that the air 
ahead of the warm front is colder than the air behind 
the cold front. Consequently, when the cold front 
catches up to and overtakes the warm front, the mild- 
er, lighter air behind the cold front is unable to lift the 
colder, heavier air off the ground. As a result, the cold 
front rides “piggyback” along the sloping warm front. 


This produces a warm-type occluded front, or awarm | 
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TABLE 13.4 E Summary of Typical Weather Associated with Occluded Fronts 


BEFORE PASSING WHILE PASSING AFTER PASSING 


Winds southeast-south _ variable west to northwest - 
Temperature’ í 

Cold type cold—cool dropping colder 

Warm type cold rising i milder 


Pressure usually falling low point usually rising 


Clouds in this order: Ci, Cs, As, Ns 


Precipitation light, moderate, or heavy: 


precipitation 


Visibility 
Dew point steady 


poor in precipitation . 


occlusion. The surface weather associated with a 
warm occlusion is similar to that of a warm front: 
Contrast Fig. 13:16 and Fig. 13.17. Note that the pri- 


mary difference between the warm- and cold-type ` 


occluded front is the location of the upper-level front. 
In a warm occlusion, the upper-level cold front pre- 
cedes the surface occluded front by as much as 325 km 
(200 mi), whereas in a cold occlusion the upper warm | 
front follows the surface occluded front, usually by as 
much as 50 km (30 mi). i 
In the world of weather fronts, ENa fronts are 
the mavericks: In our discussion, we treated occluded 
fronts as forming when a cold front overtakes a warm 
front. Some do form in this manner, but others appar- 
ently form as new fronts, which develop when a sur- 


Ns, sometimes Tcu and Cb ji 


light, moderate, or heavy 
continuous precipitation or 
- showers 


poorin precipitation 


Ns, As, or scattered Cu 


light-to-moderate precipi- 
tation followed by general 
clearing 


improving 


usually slight drop, especiallyif slight drop, although may rise 
cold-occluded 


a bit if warm-occluded 


face storm intensifies in a region of cold air after its 
trailing cold and warm fronts have broken away and 
moved eastward. The new occluded front shows up on 


a surface chart as a trough of low pressure separating 


two cold air masses. Because of this, locating and de- 
fining occluded fronts at the surface is often difficult 
for the meteorologist. Similarly, you too may find it 


hard to recognize an occlusion. In spite of this, we will 
‘assume that the weather associated with occluded 
- fronts behaves in a similar way to that shown in Table 


13.4. 
- The frontal systems described in this chapter are ac- 
tually part of a much larger storm system—the middle 


latitude cyclone. Chapter 14 details these storms, ex- 


plaining where, why, and how they form. 


| 
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In this chapter, we have considered the different types 
of air masses and the various weather each brings to a 
particular region. Continental polar air masses are re- 
sponsible for very cold, dry weather in winter and 
cool, pleasant weather in summer. Maritime polarair, 
having traveled over an ocean for a considerable dis- 
tance, brings cool, moist weather to an area. The hot, 
dry weather of summer is associated with continental 
tropical air masses, while warm, humid conditions are 
due to maritime tropical air masses. Where air masses 
with sharply contrasting properties meet, we find 
weather fronts. 

A front is a boundary between two air masses of dif- 
ferent densities. Stationary fronts have essentially no 


movement, with cold air on one side and warm air on 
the other. Winds tend to blow parallel to the front, but 
in opposite directions on either side of it. Along the 
leading edge of a cold front, where colder air replaces 
warmer air, showers are prevalent, especially if the 
warmer air is moist and unstable. Along a warm front, 
warmer air rides up and over colder surface air, pro- 
ducing widespread cloudiness and precipitation that 
can cover thousands of square kilometers. Cold fronts 
typically move faster and are more steeply sloped than 
warm fronts. Occluded fronts, which are often diffi- 
cult to locate and define on a surface weather map, 
may have characteristics of both cold and warm fronts. 


KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


air mass i 
source regions (for air masses) air mass weather 
continental polar (air mass) ` front 


continental arctic (air mass) stationary front 


lake-effect snows cold front 
maritime polar (air mass) frontolysis 
frontogenesis 


maritime tropical (air mass) 


QUESTIONS FOR REVIEW 


{D What is an air mass? 
2. If an area is described as a “good air mass source 
region,” whatinformation can you give about it? 
3. It is summer. What type of afternoon weather 
would you expect from an air mass designated as 
mTk? Explain. l 
(42 Why is cP air not welcome to the Great Lakes in 
winter and yet very welcome in summer? 
5, Explain why the central United States is not a 
good air mass source region. 
Why do air temperatures tend to be a little higher 
on the eastern side of the Appalachian Mountains 


continental tropical (air mass) 


“back door” cold front 

warm front . 
overrunning 

frontal inversion 

occluded front (occlusion) — 
cold occlusion 

warm occlusion 


than on the western side, even though the same 
- winter cP air mass dominates both areas? 
7. Explain the effect of the upper-level winds on sur- 
- face air masses. 
8) List the temperature and moisture characteristics 
— of each of the major air mass types. 
‘9, Whatare lake-effect snows and how do they form? 
Yò. Why are mP air masses along the East Coast of the 
United States usually colder than those along the 
nation’s West Coast? Why are they also less prev- 
alent? 


12. Why are the boundaries between air masses more 


strongly developed in winter than in summer? 
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What type of air mass would be responsible for the 
weather conditions listed below? l 
(a) heavy snow showers and low temperatures at 
Buffalo, New York 
hot, muggy summer weather in the Midwest 
. and the East ; l vit 
daily afternoon thunderstorms along the Gulf 
Coast 
heavy snow showers along the western slope 
of the Rockies 
refreshing, cool, dry breezes after a long sum- 
- mer hot spell on the Central Plains 
(f heavy summer rainshowers in southern 
- Arizona 
drought with high temperatures over the Great 
Plains f 
persistent cold, damp weather with drizzle 
along the East Coast 
summer afternoon thunderstorms forming 
along the eastern slopes of the Sierra Nevada 
On a surface weather map, what do you know 
about a region where the word frontogenesis is 
marked? | 


(b) 


(i) 


. Explain why barometric pressure usually falls 


with the approach of a cold front or occluded 
front. 


. Based on the following weather forecasts, what 


type of front will most likely pass the area? 

(a) Light rain and cold today, with temperatures 
just above freezing. Southeasterly winds shift- 
ing to westerly tonight. Turning colder with 
rain becoming heavy and possibly changing to 
snow. 


(b 


w 


by this afternoon. Warmer tomorrow. Winds. 


southeasterly becoming westerly by tomorrow ~ 


morning. 

Increasing cloudiness and warm today, with 
the possibility of showers by evening. Turning 
much colder tonight. Winds southwesterly, 
becoming gusty and shifting to northwesterly 
by tonight. 

Increasing high cloudiness and cold this 
morning. Clouds increasing and lowering this 
afternoon, with a chance of snow or rain to- 
night: Precipitation ending tomorrow morn- 
ing. Turning much warmer. Winds light east- 


aa 


(d 


Nas 


Cool today with rain becoming heavy at times. 


16. 


erly today, becoming southeasterly tonight 
and southwesterly tomorrow. 
Draw side views of a typical cold front, warm 
front, and cold-occluded front. Include in each 
diagram cloud types and patterns, areas of precipi- 
tation, and relative temperatures on each side of 


‘the front. 


El QUESTIONS FOR THOUGHT 


1. 


Suppose an mP air mass moving eastward from 
the Pacific Ocean travels across the United States. 
Describe all of the modifications that could take 
place as this air mass moves eastward in winter. In 
summer. 


. Explain how an anticyclone during autumn can 


bring record-breaking low temperatures and cP air 
to the southeastern states, and only several days 
later very high temperatures and mT air. 


- In Fig. 13.4 (p. 333), there.is a temperature inver- 


sion. How does this inversion differ from the two 
frontal inversions illustrated in F ig. 13.15b 
(p. 347)? 


- When a very cold air mass covers half of the 


United States, a very warm air mass often covers 
the other half. Explain how this happens. 


. Explain why freezing rain more commonly occurs 


with warm fronts than with cold fronts. 


. In winter, cold-front weather is typically more 


violent than warm-front weather. Why? Explain 
why this is not necessarily true in summer. 


- When a cold front passes a station in the Northern 


` Hemisphere, the wind shifts in a clockwise man- 


8. 


'9. 


ner. How would the winds shift during the pass- 
age Of a cold front in the Southern Hemisphere? 

Why does the same cold front typically produce 
more rain over Kentucky than over western 

Kansas? | i 
A cold front moves through your area and yet you 
observe freezing rain. Show with a diagram the 


. Structure of the cold front, including slope, cloud 
` patterns, and vertical temperature profile. 


10. 


How would a cold front, a warm front, and an area 
of low pressure appear on a surface weather map 
in the Southern Hemisphere? 


+ PROBLEMS AND EXERCISES 


1. Make a sketch of North America and show the 
upper-air wind-flow pattern that would produce: 


(a) 


(b) 
(c) 
(d) 


very cold cA air moving into the far western 
states in winter | 

cold cP air over the Central Plains in winter 
warm mT air over the Midwest in winter 
warm, moist mT air over southern California 
and Arizona during the summer 
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2. You are presently taking a weather observation. 
The sky is full of wispy cirrus clouds estimated to 
be about 6 km (20,000 ft) overhead. If a warm front 
is approaching from the south, about how far away 
is it (assuming a slope of 1:200)? If it is moving to- 
ward you at an average warm-front speed of about 


10 knots, how long will it take before it passes your 
area? 


A dissipating middle latitude cyclonic storm, photographed by Apollo 9 astronauts, spins 
counterclockwise over the North Pacific Ocean. (Photo: NASA) 
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MIDDLE LATITUDE CYCLONES 


It never for a moment occurred to me to regard this storm as a 
thing to prevent me from getting to New York. The Jackson . 
Avenue station of the New Jersey Central was only five or six 
blocks from the house, and anticipated not the slightest 
trouble in getting there. Itwas still snowing and blowing . . . and 
not a print had been made in the snow about the house. | got 
out to the gate and into the “street,” and was then able to 
discover the real snow. ; 

it was everywhere. Great piles of it rose up like gigantic arctic 
graves . .. in all directions. Every way that | turned | was 
confronted with these awful mounds. | took my bearings and 
steered for the Jackson Avenue station. Every step | took! went 
into my knees in snow and every other step | fell over on my face 
anditried to see how much of the stuff | could swallow. The wind 
was at my back and its accompanying snowflakes cut the back 
of my head and ears like a million icy lashes. I... plowed my 
way, jumping, falling, and crawling over the drifts, some of 
which were nine or ten feet high . . . and after an hour and ten 
minutes | got to the end of my six blocks. There were trains 
there, two of them, but they were stuck. 

| gave up the idea of going to New York. My trip back to the 
house was simply awful. The wind was straight in my face and 
beat so in my eyes that | couldn't see a rod before me. My | 
mustache was frozen stiff, and over my eyebrows were cakes of 
frozen snow. | stumbled along, falling down at almost every 
step, burying myself in the snow. Then, | began to feel like a 
crazy man. Every time | fell down, | shouted and cursed and beat 
the snow with my fists. Then it got dark, the wind howled and 
tore along, hurling the ice flakes in my face, and the very snow 
on the ground seemed to rise up and fling itself upon me. 

In one of my crazy efforts to force ahead, | caught just a 
glimpse of the welcome gate posts, and then | laid down on my 
back and hollered. Somebody heard my cries, and just as | was 
going off comfortably to sleep my friend came plowing out 
through the snow, and he and this man dragged me into the 
house. 


-U.S. Department of Commerce, American Weather Stories 
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The storm described in our opening is now referred to 
as the “Blizzard of '88.” This legendary storm of 


March, 1888, was accompanied by high winds (60 mi/ 


hr at Atlantic City, New Jersey), a severe cold wave, 
and unprecedented snowfall—up to 50 inches over 
portions of southeastern New York and southern New 
England, with drifts 30 to 40 feet high. In New York 
City, people died in the street, trapped in snowdrifts 
up to their hips. What atmospheric conditions are 
needed for such a monstrous storm to develop? 

Early weather forecasters were aware that precipita- 
tion generally accompanied falling barometers and 
areas of low pressure. However, it.was not until after 
the turn of this century that scientists began to piece 
together the information that yielded the ideas of mod- 
ern meteorology and storm development. 

Working largely from surface observations, a group 
of scientists in Bergen, Norway, developed a model 
explaining the life cycle of an extratropical storm; that 
_ is,astorm that forms at middle and high latitudes out- 
side of the tropics. This extraordinary group of mete- 
orologists included Vilhelm Bjerknes, his son Jakob, 
Halvor Solberg, and Tor Bergeron: They published 
their theory shortly after World War I. It was widely 
acclaimed and became known as the “polar front 
theory of a developing wave cyclone” or, simply, the 
polar front theory. What these meteorologists gave to 
the world was a working model of how a midlatitude 
cyclone progresses through the stages of birth, growth, 
and decay..An important part of the model involved 
the development of weather along the polar front. As 
new information became available, the original work 
was modified, so that, today, it serves as a convenient 
way to describe the structure and weather associated 
with a migratory storm system. “| 


E POLAR FRONT THEORY 


The. development of a wave cyclone, according to the 
Norwegian model, begins along the polar front. You 
will remember (from our discussion of the general cir- 
culation in Chapter -12) that the polar front is a’ 


semicontinuous..global boundary separating cold — 


polar air from warm subtropical air. The stages of a de- 
veloping wave cyclone are illustrated in the sequence 
of surface weather maps shown in Fig. 14.1. 


Figure 14.1a shows a segment of the polar front as a 
stationary front. It represents a trough of lower pres- 


sure with higher pressure on both sides. Géld airto the. 


north and warm air to the south flow parallel to the 
front, but in opposite directions. This type of flow sets 
up a cyclonic wind shear. You can conceptualize the 
shear more clearly if you place a pen between the 
palms of your hands and move your left hand toward 
your body; the pen turns counterclockwise, cycloni- 
cally. l 

_ Under the right conditions, a wavelike kink forms 
on the front; as shown in Fig. 14.1b. The wave that 


- forms is known as a frontal wave. Watching the forma- 


tion of a frontal wave on a weather map is like watch- 
ing a water wave from its side as it approaches a beach: 
It first builds, then breaks, and finally dissipates. This 


- is why a cyclonic storm system is known as a wave 
_ cyclone: Figure 14.1b shows the newly formed wave 


with a cold front pushing southward and a warm front 
moving northward. The region of lowest pressure is at 
the junction of the two fronts. As the cold air displaces 


_ the warm air upward along the cold front, and as over- 


running occurs ahead of the warm front, a narrow 
band of precipitation forms (shaded area). Steered by 
the winds aloft, the system typically moves east or 
northeastward and gradually becomes a fully de- 
veloped open wave in 12 to 24 hours (Fig. 14.1c). The 
central pressure is now much lower, and several iso- 
bars encircle the wave’s apex. These more tightly 
packed isobars create a stronger cyclonic flow, as the 


_winds swirl counterclockwise and inward toward the . 
low center. Precipitation forms in a wide band ahead 
of the warm front and along a narrow band of the cold | 
front. The region of warm air between the cold and“ 


warm fronts is known as the warm sector. Here, the 
weather tends to be partly cloudy, although scattered 
showers may develop if the air is unstable. 

Energy for the storm is derived from several sources. 
As the air masses try to attain equilibrium, warm air 
rises and cold air sinks, transforming potential energy 
into kinetic energy. Condensation supplies energy to 
the system in the form of latent heat. And, as the sur- 
face air converges toward the low center, wind speeds 
may increase, producing an increase in kinetic energy. 


As the open wave moves eastward, central pres- 


sures continue to decrease, and the winds blow more 
vigorously. The faster-moving cold front constantly 
inches closer to the warm front, squeezing the warm 
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FIGURE 14.1 A series of consecutive weather maps (a through f) that shows the idealized 
life cycle of awave cyclone (Northern Hemisphere) based on the polar front theory. As the life 


cycle progresses, the system moves eastward in a dynamic fashion. 


sector into a smaller area, as shown in Fig. 14.1d. 
Eventually, the cold front overtakes the warm front 
and the system becomes occluded. At this point, the 
storm is usually most intense, with clouds and pre- 
cipitation covering a large area. The intense storm sys-" 
tem shown in Fig. 14.1e Sa aS because: 
cold air now lies on both sides of the occluded front. 
Without the supply of energy provided by the rising 
warm, moist air, the old storm system dies out and 
gradually disappears (Fig. 14.11). Occasionally, how- 
ever, anew wave will form on the westward end of the 
trailing cold front. We can think of the sequence ofa 
developing wave cyclone as a whirling eddy in a 
stream of water that forms behind an obstacle, moves 
with the flow, and gradually vanishes downstream, 
Thee. trapie cycle of a: wave cyclone can last from a 
iwda Rid overa week. — 

Figure 14.2 shows a series of wave cyclones at vari- 
ous stages of development along the polar front in 
winter. Such a succession of storms is known as a 


“family” of cyclones. Observe that to the north of the 
front are cold anticyclones; to the south over the At- 
lantic Ocean is the warm, semipermanent Bermuda 
high. The polar front itself has developed into a series 
of loops, and at the apex of each loop is a cyclone. The 
cyclone over the northern plains (Low 1) is just form- 
ing; the one along the East Coast (Low 2) is an open 
wave; and the system near Iceland (Low 3) is dying 
out. If the average rate of movement of a wave cyclone 
from birth to decay is 25 knots, then it is entirely possi- 
ble for a storm to develop over the central part of the 
United States, intensify into a large storm over New 
England, become occluded over the ocean, and reach 
the coast of England in its dissipating stage less than a 
week after it formed. 

Up to now, we have considered the polar front 
model of a developing wave cyclone, which repre- 
sents a rather simplified version of the stages that an 
extratropical storm system must go through. In fact, 
few (if any) storms adhere to the model exactly. Never- 
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FIGURE 14.2 Aseries of wave cyclones 
(“family” of cyclones) forming along the pola 
front. 


Low 1 


theless, it serves as a good foundation for understand- 
ing the structure of storms. So keep the model in mind 
as you read the following sections. © | 


5 DEVELOPING MIDDLE LATITUDE 
STORMS—CYCLOGENESIS 


Any development or strengthening of a cyclone is 
called cyclogenesis. Within the United States, there 
are regions that show a propensity for cyclogenesis, 
including the eastern slopes of the Rockies, the Great 
Basin, the Gulf of Mexico, and the Atlantic Ocean east 
of the Carolinas. Near Cape Hatteras, North Carolina, 
for example, warm Gulf Stream water can supply 


moisture and warmth to the region south of a station- . 


ary front, thus increasing the contrast between air 
masses to a point where storms may suddenly and un- 
expectedly spring up along the front. These cyclones 
normally move northeastward along the Atlantic 
_ Coast, bringing high winds and heavy snow or rain to 


- Icelamd 


y Low 3 
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coastal areas. Before the age of modern communica- 
tions and weather prediction such coastal storms 
would often go undetected during their formative 
stages; and sometimes an evening weather forecast of 
“fair and colder” along the eastern seaboard would 
have to be changed to “heavy snowfall” by morning. 
Fortunately, with today’s weather information gather- 
ing and forecasting techniques, these storms rarely 
strike by surprise. 

When extratropical cyclones deepen rapidly, the 
term explosive cyclogenesis, or “bomb,” is sometimes 
used to describe them. As an example, explosive cy- 
clogenesis occurred in a storm that developed overthe 
warm Atlantic just east of New Jersey on September 
10, 1978. As the central pressure of the storm dropped 
nearly 60 mb (1.8 in.) in 24 hours, hurricane force 
winds battered the ocean liner Queen Elizabeth II and 
sank the fishing vessel Captain Cosmo. 

Frontal waves that develop into huge storms are 


called unstable waves. These waves form suddenly, : 


grow in size, and then slowly dissipate with the entire 


r > E e kn 
4 G) 
i Bermuda high 4 , 


process taking several days to a week. Other waves, 
called stable waves, remain small and never grow into 
giant weather producers. Why is it that some waves 
develop into huge storms, whereas others simply dis- 
sipate in a day or so? | 

This question poses one of the real challenges in 
weather forecasting. The answer is complex. Indeed, 
there are many surface conditions that do influence 
the formation of a wave, including mountain ranges 
and land-ocean temperature contrasts. However, the 
real key to the development of a wave cyclone is found 
in the upper-wind flow, in the region of the high-level 
westerlies. Therefore, before we can arrive at a reason- 
able answer to our question, we need to see how the 
winds aloft influence surface pressure systems. 


-H VERTICAL STRUCTURE OF 
DEEP PRESSURE SYSTEMS 


- In Chapter 11, we learned that thermal pressure sys- 
tems are shallow and weaken with increasing eleva- 
tion. On the other hand, developing surface storm sys- 
tems are deep lows that usually intensify with height. 
This means that a simple surface depression associ- 
ated with one of these systems will appear on an 
upper-level chart as either a closed low or a trough. 
Suppose the upper-level low is directly above the 
surface low (see Fig. 14.3). Notice that only at'the sur- 


face do the winds blow inward toward the"low's 


center. As these winds converge (flow together) and 
the air “piles up,” air density increases directly above 
the surface low. This increase in mass causes surface 
` pressures to rise; gradually, the low fills and the sur- 
face low dissipates. The same reasoning can be ap- 
plied to surface anticyclones. Winds blow outward 
away from the center of a surface high. If a closed high 
or ridge lies directly over the surface anticyclone, di- 


vergence (the spreading out of air) at the surface will. 


remove air from the column directly above the high. 
- Surface pressures fall and the system weakens. So it 
appears that, if upper-level pressure systems were al- 
ways located directly above those at the surface, Cy- 
clones and anticyclones would die out soon after they 
form (if they could form at all). What, then, is it that al- 
lows these systems to develop and intensify? | 
We know from Chapter 10 that lows aloft are gener- 
ally associated with cold air. Note in Fig. 14.4 that be- 
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FIGURE 14.3 If lows and highs aloft were always directly above lows 
and highs at the surface, the surface systems would quickly dissipate. 


FIGURE 14.4 The vertical structure of cyclones and anticyclones. 
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hind the cold front there is cold air both at the surface 
and aloft. Consequently, the upper-level low is lo- 
cated behind, or to the west of, the surface low. Ob- 
serve how the surface low tilts toward the northwest, 
showing up as a closed system at 500 mb and as a 
trough at 300 mb. Directly above the surface low, at 
300 mb, the air spreads out and diverges (as indicated 
by the contour lines). This allows the converging sur- 
face air to rise and flow out of the top of the air column 
just below the tropopause, which acts as a constraint 
to vertical motions. We now have a mechanism for de- 


veloping storms. When upper-level divergence is - 


stronger than surface convergence (more air is taken 
out at the top than is brought in at the bottom), surface 
pressures drop, and the low intensifies. By the same 
token, when upper-level divergence is less than sur- 
| face convergence (more air flows in at the bottom than 
is removed at the top), surface pressures rise,.and the 
system weakens. : 


FIGURE 14.5 Typical paths of (a) winter cyclones and (b) winter 
_anticyclones. 


We can also use Fig. 14.4 to explain the structure of 
the anticyclone. High pressures aloft are associated 


with warm air. At the surface and aloft, warm air lies to 


the southwest of the surface high. This causes the sur- 
face anticyclone to tilt toward the southwest at higher 
altitudes. Moving upward, we observe that the closed 
system becomes a ridge at the 300-mb level. Also 
notice that directly above the surface high at 300 mb 
there is convergence of air (as indicated by the contour 
lines). Convergence causes an accumulation of air 
above the high. This allows the air to sink slowly and 
replace the diverging surface air. Hence, when upper- 
level convergence exceeds low-level divergence (in- 
flow at top is greater than outflow near the surface), 
surface pressures rise, and the anticyclone builds. On 
the other hand, when upper-level convergence is less 
than low-level divergence, the anticyclone weakens 
as surface pressures fall. 

Look at the wind direction at the 500-mb level in: 
Fig. 14,4, Winds at this altitude tend to steer surface’ 
systems in the same direction that they are moving: 
Thus, the surface storm will move toward the north- 
east, while the surface anticyclone will move toward’ 
the southeast. These paths indicate the average move- 
ment of surface pressure systems in the eastern two- 
thirds of the United States (Fig. 14.5). In general, the’ 
surface storm centers travel across the United States at 
about 16 knots in summer and about 27 knots in 
winter. The faster winter velocity reflects the stronger 
upper-level flow during this time of year.* 

So far, we have seen that deep pressure systems 
exist at the surface and aloft throughout much of the 
troposphere. When the surface pressure system does 
not lie directly beneath the upper-level trough but tilts 


: toward the west, the atmosphere is able to redistribute 


its mass. Regions of low-level convergence are com- 
pensated for by regions of upper-level divergence and 
vice versa. Cyclones and anticyclones can intensify 
and, steered by the winds aloft, move away from their 
region of formation. x 

Since regions of strong upper-level divergence and 
convergence typically occur along the flanks of a jet 
stream, we will examine this area next. 


* As a forecasting rule of thumb, surface pressure systems tend to 
move in the same direction as the wind at the 500-mb level. The 
speed at which the surface systems move is about half the speed of 
the 500-mb winds. 


w DEVELOPING CYCLONES AND THE JET STREAM 


The polar front jet stream can provide some of the 
necessary ingredients for the development of a wave 
cyclone. Remember (Chapter 12) that the axis of the 
polar front jet pretty much coincides with the polar 
front. The core of the jet—the jet maximum or jet 
streak—represents the region of strongest winds. As 
winds approach the jet maximum, they speed up; 
when they leave, they slow down. These accelerations 
and decelerations, coupled with strong wind speed 
shears and a curving jet stream, cause regions of con- 
vergence and divergence to exist along the flanks of 
the jet (see Fig. 14.6). (To better understand why these 
areas of convergence and divergence form, read the 
Focus section on p. 362.) 

Figure 14.7 shows us how areas of divergence and 
convergence correlate with the development of sur- 
face pressure systems. The heavy line on the upper- 


level chart represents the jet stream with its regions of 


convergence and divergence; the lower chart is a sur- 
face weather map with two developing storm systems. 
The jet stream lies to the north of the small surface 
wave (A). Directly above the wave is a region of di- 
vergence that pumps surface air upward to the jet. The 
jet then quickly sweeps this air downstream, causing 
surface pressures to drop rapidly. As surface pressure 
gradients increase, the wind speeds pick up, and the 
fronts move more quickly as surface air circulates 
counterclockwise around the depression. As the flow 
aloft steers the storm along, the surface low intensifies, 
and the jet becomes distorted, usually developing into 
a large, looping wave. Notice that, as the storm 
occludes (B), the jet crosses the occluded front, pro- 
viding an area of divergence above the surface low. 
Also observe that above the anticyclones, regions of 
convergence feed air downward into these surface sys- 
tems. Hence, we find jet streams supplying air to the 
surface anticyclones and removing air above the sur- 
face cyclones. 

The polar front jet stream is strongest and moves 
farther south in winter. Consequently, midlatitude 
storms across the United States are usually better de- 
veloped and tend to occur more frequently during the 
coldest months. During the summer, when the polar 
jet shifts northward, developing midlatitude storm 
activity occurs principally over the Canadian prov- 
inces of Alberta and the Northwest Territories. 


FIGURE 14.6 Regions of divergence and convergence around the 
core of the polar front jet stream on an upper-level chart. 


Since the polar front jet stream forms along the polar 
front, why isn’t there always a line of cyclones de- 
veloping on the front? As we have just seen, regions of 
divergence and convergence along the flanks of the jet 
are found only at specific zones near the jet maximum. 
Furthermore, studies of developing cyclones show 
that most middle latitude storm systems develop 
when the jet stream becomes distorted; that is, when it 
starts to bend. A bending jet indicates that deep 
troughs and ridges—waves—exist in the flow aloft. 
The next section examines these waves and their in- 
fluence on a developing storm. | 


FIGURE 14.7 Areas around the polar front jet stream supply the 
necessary regions of divergence and convergence for surface pressure 
systems. 
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We know from an earlier section that 
convergence is the piling up of air above a 
region, while divergence is the spreading 
out of air above some region. We also 
know that, at the surface, winds diverge 
about the center of a high-pressure area, 
while aloft—directly above the high—the 
__ winds converge. When upper-level 
convergence exceeds low-level di- 
vergence, the surface pressure increases, 
and we say that the high-pressure area is 
building. By the same token, we know 
that surface winds converge about the 
center of a surface low-pressure area, 
and aloft—directly above the low—the 
winds diverge. When upper-level 
` divergence exceeds low-level con- f 
vergence, surface pressure decreases, 
and we say that the storm system is 
intensifying, or deepening. 
- Convergence and divergence of air 


and wind speed. For example, con- 
. vergence occurs when moving air is 
_ funneled into an area, much in the way 
‘ Cars converge when they enter acrowded 
freeway. Divergence occurs when moving 
air spreads apart, much as cars spread 
out when a congested two-lane freeway 
becomes three lanes. On an ‘upper-level 
chart, this type of convergence (also 
called confluence) occurs when contour 
lines move closer together, as a steady 
wind flows parallel to them. On the same 
chart, this type of divergence (also called 
difluence) occurs when the contour lines 
move apart as a steady wind flows parallel 
tothem. (In Fig. 14.4, observe the contour 
lines and the regions of convergence and 
divergence on the 300-mb chart.) : 


FOCUS ON A SPECIAL TOPIC 


may result from changes in wind direction - 


CHAPTER 14 MIDDLE LATITUDE CYCLONES 


Convergence and divergence may also 
result from changes in wind speed. 
Convergence occurs when the wind 
slows down as it moves along, while 
divergence occurs when the wind speeds 
up. We can grasp these relationships 
more clearly if we imagine air molecules to 
be marching in a band. When the 
marchers in front slow down, the rest of 
the band members squeeze together, 


causing convergence; when the marchers 


in front start to run, the band members 
Spread apart, or diverge. In summary, 
speed convergence takes place when the 
wind speed decreases downwind, and 4 
speed divergence takes place when the 


` wind speed increases downwind. 


Earlier, we saw that areas of con- 
vergence and divergence form at specific 
regions around the jet stream. To 
understand why, consider air moving 
through a jet stream as depicted in Fig. 1. 
The heavy shaded area is the jet 
maximum, or jet streak—the region 
where the winds are strongest. As air 
enters the jet maximum from the west, it 
increases in speed; as it exits the 
maximum, it decreases in speed. 
Remember from Chapter 10 that at this 


. elevation the wind flow is nearly in 


geostrophic balance with the pressure 
gradient force (directed north) and the | 
Coriolis force (directed south). As the air 
enters the jet maximum, it increases in 
speed due to an increase in the pressure 
gradient force. The greater force 
temporarily exceeds the Coriolis force, 
and the air swings slightly to the north 
across the contour lines. This causes 
strong convergence of air at point 1 and ` 


FIGURE1 Changing air motions within the 
jet stream maximum (shaded area) cause 
strong convergence of air at point 1 oh 
strong divergence at point 3. 


weak divergence at point 2. Toward the 


middle of the jet maximum, the increase in _ 


wind speed causes the Coriolis force to 
increase and the wind to become nearly 
geostrophic again. However, as the air 
leaves the jet maximum, the pressure 
gradient force is reduced and the Coriolis 
force temporarily exceeds it, causing the 
air to swing slightly to the south. This 
Causes weak convergence of air at point 4 
and strong divergence at point 3. 
Downwind, the air returns to a nearly 
geostrophic balance. At the surface 
beneath the area of strongest divergence 
(point 3) is the deepening storm, while 
beneath the area of strongest con- 
vergence (point 1) is the building 
anticyclone. . 


~~ 


ON 
500mb ji Wavelength 


FIGURE 14.8 Map of the Northern Hemisphere showing five 
longwaves on a 500-mb chart. Note that the wavelength of wave 
number 3 is greater than the width of the United States. 


a UPPER-LEVEL WAVES AND SURFACE STORMS 


If we look at an upper-level chart of the Northern (or 
Southern) Hemisphere similar to the one in Fig 14.8, 
we see a series of ridges and troughs, known as long- 
waves, encircling the globe. At any given time, there 
are between four and six ofthese waves ‘looping 
“around the earth. Since mountain ranges tend to dis- 
turb the upper-level wind flow, these waves are often 
found to the east of such topographic barriers as the 
Rockies and the Tibetan Plateau. The wavelength of 
longwaves varies between 4000 and 8000 km (2500 to 
5000 mi). Longwaves are also known as Rossby waves, 


after C. G. Rossby, a famous meteorologist who care- 


fully studied their motionImbedded in longwaves are 
shortwaves, which are small disturbances, or ripples. 


Rossby found that the shorter the wavelength of a 


‘particular wave, the faster it moved downstream. 
-Shortwaves tend to move eastward at a speed propor- 
tional to. the average wind flow.nearthe 700-mb level, 
about 3 km above sea level. Longwaves, on the other 
hand, often remain ‘stationary, move eastward very 
slowly at less than 4° of longitude per day (about 8 
knots), or even move westward (retrograde). We can 
obtain a better idea of this wave movement if we think 
of longwaves as being huge meanders (loops) in a 
swiftly flowing stream of water. Water moves through 
the loops quickly, while the loops themselves move 
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FIGURE 14.9 Upper-level chart showing shortwaves (heavy dashed 
lines) moving around several longwaves. Solid lines are isobars. Dashed _ 
lines are isotherms. Arrows show wind direction. 


eastward very slowly, as the fast-flowing water cuts 
away at one bank and deposits material on the other. 


Suppose debris tumbles into the stream, disturbing 


the flow. The disturbed flow appears as a small 
wrinkle that travels downstream through the loops at a 
speed near the average stream flow. This wrinkle in 
the flow is analogous to a shortwave in the atmo- 
sphere. 

Atmospheric shortwave troughs, often simply 
called shortwaves, move quickly around the long- 
waves. Shortwaves usually deepen when they ap- 
proach a longwave trough and weaken when they ap- 
proach a ridge. Figure 14.9 illustrates shortwaves 
moving around longwaves on an upper-level chart. 

Over a large area of the chart (Fig. 14.9), the iso- 
therms (dashed lines) roughly parallel the isobars 
(solid lines). In this region, winds do not cross the 
isotherms, and there is no temperature advection.* 
Where these conditions exist, the atmosphere is said 
to be barotropic. By comparison, there are regions 
(especially toward the middle of the map) where iso- 
therms are close together. Here, both temperature and 
pressure gradients are steep, isotherms cross the iso- 
bars, and strong winds produce temperature advec- 
tion. Where these conditions prevail, the atmosphere 


*The warming of air produced by the wind is called warm advec- 
tion. The cooling of air produced by the wind is called cold advec- 
tion. For warm advection to occur, the wind must blow across the 
isotherms from warmer to colder regions. For cold advection, the 
wind must blow across the isotherms from colder to warmer 
regions. 
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is said to be baroclinic. * Note that the baroclinic atmo- 
sphere exists only in a narrow zone. Below this zone 
lies the polar front; above it flows the polar front jet 
stream. Notice how the shortwaves disturb the air flow 
and accentuate the region of baroclinicity. This dis- 
turbed flow can amplify the wave and develop or in- 
tensify a surface storm system. The theory explaining 
how this occurs is known as the baroclinic wave 
theory of developing cyclones. 


_ THE NECESSARY INGREDIENTS FOR 
__ A DEVELOPING WAVE CYCLONE 


To better understand why wave cyclones develop and 
intensify into huge storms, we need to examine atmo- 
spheric conditions at the surface and aloft. Suppose 
that a portion of a longwave trough at the 500-mb level 
lies directly above a surface stationary front (see Fig. 
14.10a). On the 500-mb chart, contour lines (solid 


lines) and isotherms (dashed lines) parallel each other — 


and are crowded close together. Colder air is located in 
the northern half of the map, while warmer air is lo- 
cated to the south. Winds are blowing at fairly high 
velocities, which produce a sharp change in wind 
speed—a strong wind speed shear—from the surface 
up to this level. Suppose a shortwave moves through 
this region, disturbing the flow (see Fig. 14.10b).\This 
sets up a kind of instability in the flow (as warmer air 
rises and colder air sinks) known as baroclinic insta- 
bility. i 

With the onset of baroclinic instability, horizontal 
and vertical air motions begin to enhance the forma- 


_ tion of cyclonic storms. As the flow aloft becomes dis- ` 


turbed, a region ọf converging air forms behind the 


shortwave trough (to the left of the trough in Fig. 


14.10b). Meanwhile, a region-of diverging air forms 
ahead of the trough (to the right in Fig. 14.10b). Be- 
neath these zones, surface pressures change and wind 
speeds increase. If initially there are no fronts on the 
surface map, they may begin to form where air masses 


with contrasting properties are brought together, as - 


surface air rises and the surrounding air flows inward 
to replace it. As the converging surface air develops 
cyclonic spin, cold air flows southward and warm air 
northward. We can see in Fig. 14.10c that the western 


*Actually, on a constant pressure surface, baroclinic conditions 
exist where the air density varies, and barotropic conditions exist 
where the air density does not vary. 


half of the stationary front is now a cold front and the 


- eastern half a warm front. Cold air moves in behind the 


cold front, while warm air slides up along the warm 
front. These regions of cold and warm advection occur 
all the way up to the 500-mb level. 

On the 500-mb chart in Fig. 14.10c, cold advection 
is occurring at position 1 as the wind crosses the iso- 
therms, bringing cold air into the trough. The cold ad- 
vection makes the air more dense and lowers the 
height of the air column from the surface up to the 500- 
mb level. (Recall that, ona 500-mb chart, lower 
heights mean the same as lower pressures; conse- 
quently, the pressure in the trough lowers and the 
trough deepens.) Meanwhile, at position 2, warm ad- 
vection is taking place, which has the effect of raising 
the height of a column of air; here, the 500-mb heights 
increase and a ridge builds (strengthens). Therefore, 
the overall effect of differential temperature advec- 
tion is to intensify the wave. 

Regions of cold and warm advection are associated 


with vertical motions. Where there is cold advection,’ 


some of the cold, heavy air sinks; where there is warm 


advection, some of the warm, light air rises. Hence, air y 


must be sinking in the vicinity of position 1 and rising 
in the vicinity of position 2. The sinking of cold airand 
the rising of warm air provide energy for a developing 
cyclone, as potential energy is transformed into ki- 
netic energy. Further, condensation in the ascending 
air releases latent heat, which strengthens the system 
even more. So, we now have a full-fledged middle 
latitude cyclone with all of the necessary ingredients 
for its development. 

Eventually, the storm system occludes (Fig. 14.10d) 
and dies, as the supply of warm surface air is cut off. 
Often, an upper-level pool of cold air (which has bro- 
ken away from the main flow) lies almost directly 
above the surface low. The isotherms around this cut- 
off low tend to parallel the contour lines, which indi- 
cates that no significant temperature advection is oc- 
curring. Without the necessary energy transformation, 


_ the surface system gradually dissipates. The upper- 


level low, however, may remain stationary for many 
days. If air is forced to ascend into this cold pocket, 
widespread clouds and precipitation may persist for 


- some time, even though the surface storm system itself 


has moved on east out of the picture. 
_ In general, we now have a fairly good concept as to 


why some wave cyclones intensify into huge storms 


while others do not. For a storm system to intensify, 


there must be an upper-level counterpart that lies to 
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FIGURE 14.10 The formation ofa wave cyclone during baroclinic instability. (a) A longwave trough 
at 500 mb lies parallel to and directly above a surface stationary front. (b) Ashortwave (heavy dashed 
line) disturbs the flow aloft. This initiates temperature advection. (c) The upper trough intensifies and 
provides the necessary vertical motions for the development of the surface cyclone. (d) The surface 


storm occludes, and a cold pool of air remains above it. 


the west of the surface depression. As shortwaves dis- 
turb the flow aloft, they cause regions of differential 
temperature advection to appear, leading to an inten- 
sification of the upper-level trough. Zones of converg- 
ing and diverging air develop both aloft and at the 
surface. These regions are accompanied by vertical 
motions, which provide the proper energy conver- 
sions for the storm’s growth. With this atmospheric 
situation, storms may form even where there are no 
pre-existing fronts. In regions where the upper-level 
flow is not disturbed by shortwaves or where no upper 
trough exists, the necessary vertical and horizontal 


motions are insufficient to enhance cyclonic storm de- 
velopment, even where a surface front exists. The 
horizontal and vertical motions, cloud patterns, and 
weather that typically occur with a developing open 
wave cyclone are summarized in Fig. 14.11. 


A DEVELOPING CYCLONE AND THE BLIZZARD OF '83 
Figure 14.12 illustrates the atmospheric conditions 
that turned an open-wave cyclone into a ferocious 
storm. The lower map shows a developing wave cy- 
clone off the North Carolina coast on February 11, 
1983. The counterclockwise circulation around the 
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FIGURE 14.11 Clouds, weather, and 
vertical motions associated witha 
developing wave cyclone. 
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low is causing warm, moist air from subtropical wat- 
ers to ride up and over very cold surface air that is en- 
trenched over the eastern seaboard. Snow is falling in 
the cold air in advance of a warm front that extends 
from the low northeastward over the Atlantic Ocean. 
The clouds and snowfall pattern are more clearly seen 
in the visible satellite picture (Fig. 14.13). 

Above the surface, the 500-mb chart (middle chart, 
Fig. 14.12) shows a broad longwave trough with a 
shortwave moving through it. Notice that the short- 
wave is just to the west of the surface low. Apparently, 
the shortwave has disturbed the flow, as a strong area 
of baroclinicity exists to the west of the shortwave. 
Here isotherms (dashed lines) are intersecting contour 
lines (solid lines), and cold advection is occurring. 

At the 200-mb level (upper chart, Fig. 14.12), the 
polar front jet stream swings just to the south of the 


FIGURE 14.12 The atmospheric conditions for February 11, 1983, at 
7 AM., EST. The bottom chart is the surface weather map. The middle 
chart is the 500-mb chart that shows contour lines (solid lines) in meters 

above sea level, and isotherms (dashed lines) in °C. The upper chart is 

the 200-mb chart that illustrates contours, winds, and the position of the 
jet stream. | i 
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FIGURE 14.13 Visible satellite picture taken at 9:30 A.M., EST, February 11, 1983. 


surface low (marked by the letter X on the chart). Re- 
call from our earlier discussion that this location is 

most favorable for strong upper-level divergence. (See 
Fig. 14.6, p. 361.) Hence, the stage is set, and the nec- 
essary ingredients are there, for the surface low to de- 
velop into a major storm system. 

‘The winds aloft steered the surface low northeast- 
ward, but the strong blocking high to the north over 
southern Ganada (surface map, Fig. 14.12) slowed the 
storm’s forward pace, allowing upper-level diver- 
gence to intensify the system. With the deep low just 
off the coast and the strong high to the north, pressure 
gradients increased, and strong, howling winds in ex- 


cess of 30 knots battered New Jersey, eastern Pennsyl- 
vania, and southeastern New York. Meanwhile, huge 
quantities of moist ocean air produced copious snow- 
falls along the Atlantic coastal states. High above the 
surface, as cold air from the west moved over the re- 
gion, the air became unstable; strong convective cells 
developed, and heavy “downpours” of snow were ac- 
companied by lightning and thunder. At one point in 
the storm, Allentown, Pennsylvania, reported snow 
falling at the rate of five inches per hour. 

The storm left a buried landscape from northern Vir- 
ginia to Connecticut, where snow drifts in some areas 
rose to housetops. The storm shut down entire cities. It 
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crippled travel on the ground and in the air; closed 
businesses, government agencies, and schools; 
knocked out power to many thousands of homes; and 
caused several deaths. In addition, many cities re- 
ported their greatest 24-hour snowfall ever. The 
heaviest amount was 79 cm (31 inches) in Woodstock, 
Virginia; while Allentown, Pennsylvania, reported 64 
cm (25.2 inches); Philadelphia, Pennsylvania, 54 cm 
(21,3 inches); and Baltimore, Maryland, 58 cm (22.8 
inches). Because the heavy snow was accompanied by 
high winds and low temperatures, the storm has come 
to be known as “the Blizzard of ’83.” 


Œ VORTICITY, LONGWAVES, 
AND WEATHER SYSTEMS | 


Earlier in this chapter, we saw that the flow aloft fre- 
quently forms into longwaves and that storms often 
develop downwind of a mountain range. To see why 
these occur, we need to investigate an important con- 
cept in meteorology called vorticity. — 

` "When something spins, it has vorticity. The faster it 
spins, the greater its vorticity. In meteorology, vorti- 
city is a measure of the spin of small air parcels. Al- 
though the spin can be in any direction, our concern 
will be with the spin of horizontally flowing air about 
a vertical axis, much like an ice skater spins about an 
imaginary vertical axis. Because it is such a complex 
topic, we will begin our study of vorticity! by examin- 
ing large-scale air flow. Our goal is to see how vorticity 
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relates vertical motions to the divergence and conver- 
gence of air. Before beginning, we must give vorticity 
some quantitative value. : 

Let us define air that spins cyclonically (counter- 
clockwise) as having positive vorticity and air that 
spins anticyclonically (clockwise) as having negative 
vorticity. Figure 14.14a shows a shallow column of air 
rotating cyclonically. This weak circulation has posi- 
tive vorticity. The ice skater inside the column will 
help us to illustrate the column’s rate of spin. 

Suppose the air flow aloft begins to diverge above 
the column. The divergence aloft is compensated for 
by convergence near the surface. If we assume that the 
total mass of the air in the column does not change, the 
column must stretch vertically, producing upward air 
motions. Notice that, as the column stretches, the ice 
skater's arms are pulled in close, and the skater spins 
much faster. Therefore, the rate at which air flows 
around the center of the column must also increase, 
which means that the vorticity of the column in- 
creases, becoming more positive. 7 

Figure 14.14b illustrates what happens to the origi- 
nal column when convergence of air occurs above the 
column. Upper-level convergence creates low-level 
divergence, and the column shrinks vertically, pro- 
ducing downward air motions. As the column shrinks 
vertically, it spreads out horizontally, and’ the ice 
skater’s spin rate decreases, as the arms move outward 
away from the skater’s sides. Hence, the column’s spin 
rate decreases and its vorticity decreases, becoming 
less positive. Aloft, however, where there is horizon- 


Cones ees y 
yA = - 


1000 mb bez 1000 mb 
Cyclonic vorticity decreases 


(b) 


FIGURE 14.14 The effect of upper-level divergence (a) and convergence (b) on the vorticity of a 


surface column of air. 


tal convergence, an air layer’s spin rate would in- 
crease, which would increase its cyclonic vorticity. By 
the same token, where there is horizontal divergence 
aloft, an air layer would lose cyclonic vorticity. There- 
fore, it follows that a gain (or loss) of cyclonic vorticity 
in the lower troposphere is counterbalanced by a loss 
(or gain) of. cyclonic vorticity in the upper tropo- 
sphere. 

Before we consider how vorticity ties in with the de- 
velopment of weather systems, we need to examine 
two important types of this phenomenon: the earth’s 
vorticity and relative vorticity. 

Because the earth spins, it has vorticity. In the 
Northern Hemisphere, the earth’s vorticity is always 
positive because the earth spins counterclockwise 
about its vertical North Pole axis. The amount of earth 
vorticity imparted to any object—even to those that 
are not moving relative to the earth’s surface—de- 
pends upon the latitude. In Fig. 14.15, an observer 
standing on the equator would not spin about his or 
her own vertical axis; further north, the observer 
would spin very slowly, while at the North Pole the 
observer would spin at a maximum rate of one revolu- 
tion per day. It is now apparent that any object on the 
earth has vorticity simply because the earth is spin- 
ning, and the amount of this earth vorticity increases 
from zero at the equator to a maximum at the poles.* 

Moving air will generally have additional vorticity 
relative to the earth’s surface. This type of vorticity, 
called relative vorticity, is the sum of two effects: the 
curving of the air flow (curvature) and the changing of 
the wind speed over a horizontal distance (shear). Fig- 
ure 14.16 illustrates vorticity due to curvature. Air 
moving through the trough tends to spin cyclonically, 
increasing its relative vorticity. In the ridge, the spin 
tends to be anticyclonic, and the relative vorticity of 
the air-increases in the negative direction. Whenever 
the wind blows faster on one side of an air parcel than 
on the other, a shear force is imparted to the parcel and 
it will spin and gain (or lose) relative vorticity. 

: The sum of the earth’s vorticity and the relative vor- 


ticity is called the absolute vorticity. We can use the _ 


concept of absolute vorticity to explain why the west- 
erly flow aloft tends to form into waves. To explain the 


*The earth’s vorticity at any latitude is equal to the product of twice 
the earth’s angular rate of spin (20) and the sine of the latitude (4); 
that is, 20 sin($). This expression is referred to as the Coriolis 
parameter. 
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FIGURE 14.15 Due to the rotation of the earth, the rate of spin of 
observers about their vertical axes increases from zero at the equator to 
amaximum at the poles. o - 


wave motion, we will assume that there is no diver- 
gence or convergence of air; columns of air may not 
stretch or contract. Where this condition prevails, the 
absolute vorticity of air will be conserved. This means 
that the numerical value of the sum of the earth’s vor- 
ticity and the relative vorticity will not change with 
time: l 
Absolute vorticity = earth’s vorticity + 
relative vorticity = constant. 


Hence, any decrease in the earth’s vorticity must be 
compensated for by an increase in the relative vorti- 
city and vice versa. 


FIGURE 14.16 Because the contour lines curve, air moving through a 
ridge spins clockwise and gains anticyclonic relative vorticity. In the 


- trough, the air spins counterclockwise and gains cyclonic relative - 


vorticity. 
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FOCUS ON A SPECIAL TOPIC 


ASA AZAR 


Vorticity helps to explain the development 
of storms on the leeward side of 
mountains. We can see why when we 
examine the flow of air over a mountain 
barrier (see Fig. 2). Assume that the wind 
is westerly and there is no shear, so that 
the relative vorticity of the air column as it «E 
approaches the mountain will be zero. 
Theoretical studies show that the 

- absolute vorticity of the column divided by 
its depth is equal to a constant, as long as 
the air is frictionless and no heating or 
cooling of the column takes place. (This 
expression is called the potential vorticity.) _ 
Thus, 
Earth’s . relative 
vorticity + vorticity 

Depth of column 


= constant. 


Asthe column moves up the side ofthe 
mountain, the tropopause acts as a lid on 
«the top of the column. This causes the 
column to shrink vertically and expand 


A 


Tropopause — 


View from above 


THE DEVELOPMENT OF LEE-SIDE LOWS 
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FIGURE 2 Due to changes in the air’s vorticity, low-pressure areas (lee-side lows) tend to 
form on the leeward side of mountain ranges. 


horizontally. To compensate for the 
column's decreasing depth, there must 
be a similar decrease in absolute vorticity. 
Since the relative vorticity of the columnis 
zero, the air must curve anticyclonically, or 
toward the southeast, into a region of 

- decreasing earth vorticity. 

Once the column begins to move 


depth increases, and so mustits absolute 
vorticity. The relative vorticity of the 
southeastward moving air is zero, but the 
air is moving into a region of decreasing 
earth vorticity. Consequently, there must 
be a bending of the airflow in the cyclonic 
sense to increase the column’s absolute 
vorticity. The airflow now swings toward 
the northeast, whicis creates a trough of 


low pressure (a lee-side low) on the 4 


downwind side of the barrier. Now we can 
see why so many wave cyclones form 
along the flanks of the Rocky Mountains, 
especially in eastern Colorado, where the 
crest of the mountains reaches its 
maximum elevation. 


downslope, it stretches vertically. Its 


Consider, for example, that air in Fig. 14.17 is mov- 


ing horizontally at a constant speed at the 500-mb 
level. At this level, divergence is usually near zero, so 
our initial assumption approaches a real situation. 
Since there is no wind speed shear, any change in the 
relative vorticity will be due to curvature. At position 
1, the air is flowing southeastward. Heading equator- 
ward, the air moves into a region of decreasing earth 
vorticity. To keep the absolute vorticity of the air con- 


stant, there must be a corresponding increase in the . 
relative vorticity. Since increasing relative vorticity 
implies cyclonic curvature, the air turns counter- 
clockwise at position 2 and heads northeastward. But 
now the air is moving into a region where the earth’s 


vorticity steadily increases. To offset this increase, the ` 


relative vorticity must decrease. The relative vorticity 
will decrease if the curvature becomes anticyclonic, 
so at position 3 air turns clockwise and heads toward 


the equator once again. This again brings the air intoa 
region where the earth’s vorticity decreases. To com- 
pensate, the air must now turn cyclonically at position 
4, and so on. In this manner, a series of upper-level 
longwaves may develop, encircling the entire earth. 

Earlier we saw that the eastern slopes of the Rockies 
was a favorable area for the development or strength- 
ening of low-pressure areas. Such storms that tend to 
form on the downwind (leeward) side of mountains 
are called lee-side lows. (To see how vorticity helps to 
explain the formation of these systems, read the Focus 
section on p. 370.) 

Weare now ina position to see how vorticity ties in 
with the development of middle latitude storms. Ear- 
lier we saw that, in the Northern Hemisphere, anti- 
cyclonic flow—the clockwise flow around a high- 
pressure area—produces negative relative vorticity. 
However, the earth’s positive vorticity usually ex- 
ceeds the anticyclone’s negative relative vorticity. 


Consequently, in the middle and upper troposphere, 


we usually find middle latitude cyclones and anticy-. 
clones associated with regions of high and low (posi- 
tive) absolute vorticity, about the size of the state of 
Iowa. : 

It’s a difficult task to measure mass divergence (or 
convergence) with any degree of accuracy. Conse- 
quently, locating regions of positive vorticity on an 
upper-level chart is extremely valuable in weather 
forecasting because these regions link divergence 
aloft, vertical motions, and surface storm develop- 
ment. For instance, sophisticated mathematical equa- 
tions show that downwind from a vorticity maximum 
(to the east of the vorticity maximum in Fig. 14.18) 
there is upper-level divergence and low-level conver- 
gence. This means rising air and the possibility of 
clouds, precipitation, and cyclonic storm develop- 
ment. It follows that when a region of positive vorti- 
city moves over a surface stationary front, a wave will 


- form along the front and a storm will develop. Even in 


the absence of fronts, a zone of organized clouds with 
precipitation may form in conjunction with an area of 
positive vorticity. On the other hand, upwind from a 
vorticity maximum (to the west of the vorticity max- 
imum shown in Fig. 14.18), or in a region of very low 
vorticity, there is upper-level convergence, low-level 
divergence, slowly sinking air, and the generally fair 
weather that we associate with surface anticyclones. ' 

To obtain an example of this, look at Fig. 14.19, 
which shows a 500-mb chart for February 11, 1983. 
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FIGURE 14.17 The wawy path of air aloft due to the conservation of 
absolute vorticity.. (See text for explanation.) i 
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FIGURE 14.18 An area of positive vorticity on a 500-mb chart means 
divergence aloft and ascending air motions on its east side, and 
convergence aloft with descending motions on its west side. 
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FIGURE 14.19 The 500-mb chart for - 
February 11, 1983, at 7 A.M., EST. Solid 

lines are height contours in meters above _. j = 5400 
sea level. Dashed lines are lines of 
constant absolute vorticity x 107%/sec. 
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FIGURE 14.20 Infrared water vapor image taken 
by GOES West on August 30, 1982. The white band 

of clouds (blobs) north of the equator is the 

intertropical convergence zone. The cyclonic swirl E 
of water vapor off the Califomia coast defines a 
region of maximum vorticity. The stretched-out 
band of moisture in the Southem Hemisphere is the 
jet stream. To the south of the jet is another vorticity 
maximum. 


Solid lines on the chart are contours, and dashed lines 
represent lines of constant absolute vorticity. Notice 
that the vorticity maximum of 14 (which is actually 
14 X 107*/sec) is located in the same position as the 
shortwave trough in Fig. 14.12. Also notice in Figs. 
14.12 and 14.19 that, to the east of the vorticity max 
lies the surface storm that intensified as it moved 
northeastward into the blizzard of ’83. 

Because of the gaps in observational data, scientists 
often found it difficult to locate centers of positive vor- 


SUMMARY Eg 373 


` ticity on satellite pictures, especially in regions where 


there were no clouds. Now, however, certain geosta- 
tionary satellites are equipped to observe atmospheric 
water vapor. The swirling patterns of moisture clearly 
identify the position of vorticity centers. In Fig. 14.20 
observe the cyclonic swirl of water vapor associated 
with a region of maximum vorticity just off the coast of 
northern California. 


In this chapter, we discussed where, why, and how a 


wave cyclone forms. We began by examining the early © 
polar front theory proposed by Norwegian scientists. 


after World War 1. We saw the important effect that the 
upper-air flow, including the jet stream, has on the in- 
tensification and movement of surface high- and low- 
pressure areas. Along the flanks of a jet maximum, 
regions of convergence supply air to surface anticy- 
clones, and regions of divergence remove air above 
surface midlatitude cyclones. The curving nature of 
the jet stream tends to direct anticyclones southeast- 
ward and midlatitude cyclones northeastward. | 
When the jet stream bends, waves in the form of 
deep troughs and ridges exist in the flow aloft. When 
an upper-level trough lies to the west of a surface de- 
pression and when a shortwave disturbs the flow aloft, 


horizontal and vertical air motions begin to enhance 
the formation of the surface storm. The rising of warm 
air and the sinking of cold air provide the proper 
energy conversions for the storm’s growth, as poten- 
tial energy is transformed into kinetic energy. 
Finally, we looked at the concept of vorticity and 
how it relates to developing cyclones, longwaves, and 
lee-side lows. We found that, as an area of positive ab- 
solute vorticity approaches a region, it is often accom- 
panied by diverging air aloft, converging air at the sur- 
face, and cyclonic storm development. Where air 
moves over a mountain range, changes in the absolute 
vorticity of the air column cause low-pressure areas to 
either intensify or form on the leeward side of the 
mountain. = 


REEL AE A ae TE 


KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 


viewing the material covered in this chapter.. 


polar front theory longwaves cut-offlow | 
frontal wave Rossby waves vorticity 
wave cyclone shortwaves absolute vorticity 


barotropic (atmosphere) 
baroclinic (atmosphere) 
baroclinic instability 


open wave 
warm sector 
cyclogenesis 


lee-side low 
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E QUESTIONS FOR REVIEW 


. Why do wave cyclones “die out” after they be- 


come occluded? 


. List four regions in North America where wave 


cyclones tend to develop. 


. What are the necessary ingredients for a wave cy- 


clone to develop into a huge storm system? 


. Explain this fact: Without upper-level divergence, 


a surface open wave would probably persist for 
less than a day. 


. Why do middle latitude surface pressure systems 


tilt westward with increasing height? ~ 


. What are unstable waves in the atmosphere? What 


are stable waves? 


. How does the polar front jet stream influence the 


formation of a wave cyclone? 


. Explain why, even though the polar front jet 


stream coincides with the polar front, some sur- 
face regions are more favorable for the develop- 
ment of wave cyclones than others. 


. How are longwaves in the atmosphere different 


_ from shortwaves? 


10. 


11. 
12. 


13. 


Using a diagram, explain why a surface high- 
pressure area over North Dakota will typically 
move southeastward while, at the same time, a 
deep storm system over the Great Lakes wall gener- 
ally move northeastward. 

How would you be able to tell where cold advec- 
tion and warm advection are ocu by examin- 
ing a 500-mb chart? 


How does the conservation of cbs Maite ME : 


help to explain the formation of Rossby waves? 
Why does cyclogenesis often occur in the Tsion 
just east of the Rockies? 


QUESTIONS FOR THOUGHT 


. An English friend of yours says that last night’s rain 


over northern Great Britain was caused by a storm 
that originally formed east of the Colorado Rockies. 
Explain how this could happen. 


. Would a wave cyclone intensify or dissipate if the 


upper trough were located to the east of the surface 


- disturbance? Explain your answer with the aid of a 


diagram. 


. Explain why, at 500 A when cold advection i is oc- 


curring, the air temperature does not drop as fast as 
it should. (Hint: What type of vertical air motions 
are also occurring?) 


. Baroclinic waves seldom form in the tropics. Why? 
. Suppose that the earth stops rotating. How would 


this affect the earth’s vorticity? What would happen’ 
to the absolute vorticity of a moving air parcel? If 
the parcel were initially moving southwestward, , 


how would its direction change, if at all? $ 
. Why do Pacific storms often redevelop on the east- 


ern side of the Sierra Nevada mountains? 


. If you only had isotherms on an upper-level chart, 


how would a cut-off low appear? 


baroclinic atmosphere by examining an upper- 
level chart? 


. Why does baroclinic instability tend to occur near 


the polar front? 


r 


. How could you tell a barotropic atmosphere from a, 


| 
l 
7 
| 
| 


1. PROBLEMS AND EXERCISES 


1. With the aid of several diagrams, describe the dif- 
ferent stages of a developing wave cyclone using 
the polar front theory. 

2. On the 300-mb chart (Fig. 14.21), suppose the 
winds are blowing at a constant speed parallel to 
the contour lines. 


(a) On the chart, mark where regions of conver- 


gence and divergence are occurring. 

(b) Putan “L” on the chart where you might oe EE 
to observe a developing midlatitude storm. 

(c) Putan “H” on the chart where you might expect 
to observe an anticyclone. 

(d) In which directions would the midlatitude cy- 

. clone and anticyclone most likely move? 

(e) In terms of convergence and divergence, what 


are the necessary conditions for the intensifica- . 
tion of the surface midlatitude storm? For the 


building of the anticyclone? 


_ PROBLEMS AND EXERCISES 


FIGURE 14.21 Chart for Exercise 2. 


Awatchful eye and alittle weather information are important when making alocal short-range 
weather forecast. These altocumulus castellanus clouds, northwesterly surface winds, a 
rising barometer with a sea level pressure of 1016 mb (30.00 in.), and the instant weather 
forecast chart (Appendix E) all indicate that fair weather will remain into the next day. (Photo 
by author) `. 
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On the eve of John Fitzgerald Kennedy’s inauguration in 1961, 
it began to snow in the nation’s capital. At first, only a few flakes 
glistened the pavements. But by afternoon a heavy snow began 
to fall, accompanied by strong and gusty northeasterly winds. 
By nightfall, streets and highways were impassable. Thousands 
of cars littered the roadways, and stranded motorists aban- 
doned their stalled autos and set off on foot through the blinding 
storm. An eight-inch snowfall, driven by blustery winds, had 


` paralyzed the city. Would the snow end by moming? Should the 
_ inauguration be postponed? These were the questions that ran 


through the minds of the inauguration committee and the 
forecasters at the National Weather Service office. 

Milling over their various charts, the forecasters projected 
that the upper-level winds would steer the storm out ofthe area 
by daybreak. By then, they concluded, the snow should end 
and skies should begin to clear. However, as alarge anticyclone 


-pushed eastward toward the city, the forecasters wamed that 


cold, northerly winds would persist throughout the day. 

Their forecast was right on target. Gn inauguration day, the 
snow ended by sunrise. By noon, when the ceremonies began, 
the estimated one million people who watched the parade were 
greeted by air temperatures hovering in the low 20s (°F), 
northwesterly winds gusting to 20 miles per hour, and an icy 
wind chill of — 10°F. At dusk, when the parade finally ended, the 
bitter cold had driven most of the onlookers away, and on the 
reviewing stand about the only ones left were a partially frozen 
president, his brother Robert, and Robert's wife, Ethel. 


Weather forecasts are issued to save lives, to save 
property and crops, and to tell us what to expect in our 
atmospheric environment. In addition, knowing what 
the weather will be like in the future is vital to many 
human activities. For example, a summer forecast of 
extended heavy rain and cool weather would have 
construction supervisors planning work under protec- 
tive cover, department stores advertising umbrellas 
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instead of bathing suits, and ice cream vendors vaca- 
tioning as their business dropped off. The forecast 
would alert farmers to harvest their crops before their 
fields became too soggy to support the heavy machin- 
ery needed for the job. And the commuter? Well, the 
commuter knows that prolonged rain could mean 
clogged gutters, flooded highways, stalled traffic, 
blocked railway lines and late dinners. . 

On the other side of the coin, a forecast calling for 
extended high temperatures with low humidity has an 
entirely different effect. As ice cream vendors prepare 
for record sales, the dairy farmer anticipates a de- 
crease in milk and egg production. The forest ranger 
prepares warnings of fire danger in parched timber 
and grasslands. The construction worker is on the job 
outside once again, but the workday begins in the 
early morning and ends by early afternoon to avoid the 
oppressive heat. And the commuter prepares for in- 
creased traffic stalls due to overheated car engines. 

Put yourself in the shoes of a weather forecaster: It is 
your responsibility to predict the weather accurately 
so that thousands (possibly millions) of people will 
know whether to carry an umbrella, wear an overcoat, 
or prepare for a winter storm. Since weather forecast- 
ing is not an exact science, your predictions will occa- 
sionally be incorrect. If your erroneous forecast mis- 
leads many people, you may become the target of 
jokes, insults, and even anger. There are even people 
who expect you to be able to predict the unpredict- 
able. For example, on Monday you may be asked 
whether next Saturday will be a nice day for a picnic. 
And, of course, what about next winter? Will it be bit- 
terly cold? 1 i 

- Unfortunately, accurate answers to such questions 
- are beyond meteorology’s present technical capabil- 
ities. Will forecasters ever be able to answer such ques- 


tions confidently? If so, what steps are being taken to’ 
improve the forecasting art? How are forecasts made, 
and why do they go wrong? These are just afew ofthe © 


questions we will address in this chapter. 


E ASSEMBLING THE DATA 


Weather forecasting basically entails predicting how 
the present state of the atmosphere will change. Con- 


sequently, if we wish to make a weather forecast, pres- 


ent weather conditions over a large -area must be 
known. To obtain this information, a network of ob- 


serving stations is located throughout the world. Over 
10,000 land-based stations and hundreds of ships pro- 
vide surface weather information four times a day.* 
Most airports observe conditions hourly. Additional 
information, especially upper-air data, is supplied by 
radiosondes, aircraft, and satellites. Radiosonde data 
are usually available only at 0000. and 1200 GMT, 
while aircraft and satellite observations may occur 
throughout the day. : 

A United Nations agency—the World Meteorologi- 
cal Organization (WMO)—consists of over 130 na- 
tions. The WMO is responsible for the international 
exchange of weather data and certifies that the obser- 
vation procedures do not vary among nations, an ex- 
tremely important task, since the observations must be 
comparable. 

After an observation is taken, it is immediately sent 
to a communication substation by electronic means,’ 
usually teletype, telephone, or satellite relay. From 
there, the data collected at many observation stations 4 
are sent to World Meteorological Centers (located in ~ ' 
Melbourne, Australia; Moscow, U.S.S.R., and Wash- 
ington, D.C.). Thus, worldwide weatherinformationis * 
transmitted electronically to the National Meteorolog- 
ical Center (NMC) located in Camp Springs, Mary- 
land, just outside Washington, D.C. Here, the massive , 
job of analyzing the data, preparing weather maps and 
charts, and predicting the weather on a global and na- 
tional basis begins.t From NMG, this information is 
transmitted to public and private agencies worldwide. 

The compiled charts, maps, and forecasts are sent 
electronically to Weather Service Forecast Offices 
(WSFO). These stations use the data for preparing re- 


-. gional weather forecasts, as well as for advisories and 
-warnings of impending severe weather. The region 


serviced by one of these offices is a state or a large por- 
tion of a state. To supply the forecast needs of a smaller 
region, such as a metropolitan area, over 200 Weather 
Service Offices (WSO) issue local forecasts generally 


| adapted from the original area forecasts of the WSFOs. 


When hazardous weather is likely, the National 
Weather Service issues advisories in the form of 


*Observations are usually taken at 0000, 0600, 1200, and 1800 
Greenwich Mean Time (GMT)—local time at the Greenwich Obser- 
vatory in England. To convert from GMT to your local time, see Ap- 
pendix C. 


tBy international agreement, data are plotted using symbols illus- 
trated in Appendix B. 


oe 


watches and warnings. A watch indicates that atmo- 
spheric conditions are favorable for hazardous weath- 
er to occur over a particular region during a specified 
time period. A warning, on the other hand, indicates 
that hazardous weather is either imminent or actually 
occurring within the specified forecast area. Watches 
and warnings are issued for severe thunderstorms, tor- 
nadoes, hurricanes, high winds, flash floods, heavy 
snow, and winter storms. For example, a high wind 
warning is issued when winds of at least 40 mi/hr or 
gusts of more than 57 mi/hr are expected to last at least 
one hour. 

The public hears weather forecasts over radio or 
television. Many stations hire professional meteor- 
ologists to make their own forecasts aided by NMC ma- 
terial or to modify a WSO forecast. Other stations hire 
meteorologically untrained announcers who usually 
read the forecasts of the National Weather Service 
word for word, sometimes without properly accredit- 
ing the originating agency. 

_ Since we now know how weather information is ob- 
tained, let's examine some of the methods and proce- 
dures used in making a forecast. 


© METHODS OF WEATHER FORECASTING 


Probably the easiest weather forecast to make is a per- 
sistence forecast, which is simply a prediction that fu- 
ture weather will be the same as present weather. If it 
is snowing today, a persistence forecast would call for 
snow through tomorrow. Such forecasts are most ac- 
curate for time periods of several hours and become 
less and less accurate after that. 

Another method of forecasting is the steady-state, or 
trend method. The principle involved here is that sur- 
face weather systems tend to move in the same direc- 
tion and at approximately the same speed as they have 
been moving, providing no evidence exists to indicate 
otherwise. Suppose, for example, that a cold front is 
moving eastward at an average speed of 30 km (19 mi) 
per hour and it is 90 km (56 mi) west of your home. 
Using the steady-state method, we might extrapolate 
and predict that the front should pass through your 
area in three hours. 

In recent years, the trend method has been em- 
ployed in the making of forecasts from minutes for up 
to a few hours. Such short-term forecasting has come 
to be called nowcasting. 
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The analogue method is yet another form of weather 
forecasting. Basically, this method relies on the fact 
that existing features on a weather chart (or a series of 
charts) may strongly resemble features that produced 
certain weather conditions sometime in the past. Prior 
weather events can then be utilized as a guide to the 
future. The problem here is that, even though weather 
situations may appear similar, they are never exactly 
the same. There are always sufficient differences in 
the variables to make applying this method a chal- 
lenge.* 

The analogue method can be used to predict a 
number of weather elements, such as maximum tem- 
perature. Suppose that in New York City the average 
maximum temperature on a particular date forthe past 
30 years is 10°C (50°F). By statistically relating the 
maximum temperatures on this date to other weather 
elements—such as the wind, cloud cover, and humid- 
ity—a relationship between these variables and max- 
imum temperature can be drawn. By comparing these 
relationships with current weather information, the 
forecaster can predict the maximum temperature for 
the day. 

Predicting the weather by weather types employs 
the analogue method. In general, weather patterns are 
categorized into similar groups or “types,” using such 
criteria as the position of the subtropical highs, the 
upper-level flow, and the prevailing storm track. Asan 
example, when the Pacific high is weak or depressed 
southward and the flow aloft is zonal (west-to-east), 
surface storms tend to travel rapidly eastward across 
the Pacific Ocean and into the United States without 
developing into deep systems. But when the Pacific 
high is to the north of its normal position and the 
upper-air flow is meridional (north-south), looping 
waves form in the flow with surface lows usually de- 
veloping into huge storms. As we saw in Chapter 14, 
these upper-level longwaves move slowly, usually re- 
maining almost stationary for perhaps a few days to a 
week or more. Consequently, the particular surface 
weather at different positions around the wave is 
likely to persist for some time. Figure 15.1 presents an 


*Presently, however, statistical predictions are made routinely of 
weather elements based on the past performance of computer mod- 
els (the Model-Output Statistics, or MOS). These, in effect, are 
statistically weighted analogue forecast corrections to the com- 
puter model output. i 
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FIGURE 15.1 Weather type showing upper-air flow (heavy arrows), mn 
surface position of Pacific high, and general weather conditions that 
should prevail. 


Temperature Probabilities 


~ 


example of weather conditions most likely to prevail 
with a meridional weather type. > 2 
- Weather types can be used as an approach to Jong- 
range (a month or more in advance) weather forecast- 
ing. Typically, the upper-air circulation changes 
gradually from zonal to meridional over 4 to 6 weeks. 
As this slow change occurs in the upper air, the sur- 
face weather may repeat itself at specific intervals. For 
instance, winter cold fronts may sweep into New En- 
gland every four days or so, bringing showers and 
below-normal temperatures. By projecting trends 
such as these, and assuming that the atmosphere’s be- 
havior will not change radically (an assumption not 
always valid), extended weather forecasts can be 
made. At best, these forecasts only show the broad- 
scale weather features. They do not adequately predict 
specific weather elements. : 
Despite the apparently unsuccessful nature of long- 
range forecasts, the National Weather Service cur- 
rently issues extended forecasts of 3 to 5 days and 6 to 
10 days, as well as a 30-day outlook for the coming 
month, and a 90-day seasonal outlook. These are not 


Precipitation Probabilities 


FIGURE15.2 The30-day outlook for October, 1985. Notice that the greatest probability for a warm 
month (45 percent or greater) occurs over Canada, while the greatest probability for a wet month (40 


percent or greater) occurs over the central United States. 


forecasts in the strict sense, but rather an overview of 
how average precipitation and temperature patterns 
may compare with normal conditions. The 30-day 
outlook is based on the relationship between the pro- 
jected average flow at the 700-mb level and the surface 
weather conditions that this type of flow will create. 
Figure 15.2 gives a typical 30-day outlook. (The 90- 
day outlooks are based more on persistence statistics 
that carry over the general weather patterns from im- 
mediately preceding months, seasons, and years.) 

A forecast based on the climatology (average weath- 
er) of a particular region is known as a climatological 
forecast. Anyone who has lived in Los Angeles for a 
while knows that July and August are practically rain- 

“free. In fact, rainfall data for the summer months taken 
over many years reveal that rainfall amounts of more 
than a trace occur in Los Angeles about 1 day in every 
90, or only about 1 percent of the time. Therefore, if we 
predict that it will not rain on some day next year dur- 
ing July or August in Los Angeles, our chances are 
nearly 99 percent that the forecast will be correct 
based on past records. Since it is unlikely that this pat- 
tern will significantly change in the near future, we 
can confidently make the same forecast for the year 
2000. l ; 

When the Weather Service issues a forecast calling 


for rain, it is usually followed by a probability. For * 


example: “The chance of rain is 60 percent.” Does this 
mean (a) that it will rain on 60 percent of the forecast 
area or (b) that there is a 60 percent chance that it will 
rain within the forecast area? Neither one! The expres- 
sion means that there is a 60 percent chance that any 


FIGURE 15.3 Probability of a “White 
Christmas”—1 inch or more of snow on the 
ground—based on a 30-year average. 
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random place in the forecast area, such as your home, 
will receive measurable rainfall. Looking at the fore- 
cast in another way, if the forecast on 10 days calls for 
a 60 percent chance of rain, it should rain where you 
live on 6 of those days. The verification of the forecast 
(as to whether it actually rained or not) is usually 
made at the Weather Service office. 

An example of a probability forecast using 
climatological data is given in Fig. 15.3. The map 
shows the probability of a “White Christmas”—1 inch 


or more of snow on the ground—across the United 


States. The map is based on the average of 30 years of 
data and gives the likelihood of snow in terms of a 
probability. For instance, the chances are 90 percent (9 
Christmases out of 10) that portions of northern Min- 
nesota, Michigan, and Maine will experience a White 
Christmas. In Chicago, it is 50 percent; and in 
Washington, D.C., about 20 percent. Many places in 
the far west and south have probabilities less than 5 


- percent, but nowhere is the probability exactly 0, for 


there is always some chance (no matter how small) 
that a mantle of white will cover the ground on Christ- 
mas day. | 

In most locations throughout North America, the 
weather is fair more often than rainy. Consequently, 
there is a forecasting bias toward fair weather, which 
means that, if you made a forecast of no-rain where 
you live for each day of the year, your forecast would 
be correct more than 50 percent of the time. But did 
you show any skill in making your correct forecast? 
What constitutes skill, anyway? And how accurate are 
the forecasts issued by the National Weather Service? 
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In spite of the complexity and ever- - 
changing nature of the atmosphere, 
forecasts made for between 12 and 24 : 
hours are usually quite accurate. Those 
made for between 1 and 2 days are fairly 
good. Beyond about 3 days, however, 
forecast accuracy falls off rapidly. _ 
Although weather predictions made for . 
up to 2 days are byno means perfect, they 
are far better than simply flipping a coin. 

- But how accurate are they? 

One problem with determining forecast 
accuracy is deciding what constitutes a 
right or wrong forecast. Suppose 
tomorrow's forecast calls for a minimum 
temperature of 5°C. If the official minimum 

_tums out to be 6°C, is the forecast 
incorrect? Is it as incorrect as one 10 
degrees off? By the same token; what 
about a forecast for snow over a large city, 
and the snow line cuts the city in half with 
the southern portion receiving heavy 
‘amounts and the northem portion none? 
* Is the forecast right or wrong? At present, 
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there is no clear-cut answer to the 


- question of determining forecast 


accuracy. — 

How does forecast accuracy compare 
with forecast skill? Suppose you are 
forecasting the daily summertime weather 


in Los Angeles. It is not raining today and - 


your forecast for tomorrow calls for “no 
rain.” Suppose that tomorrow it doesn’t 
rain. You made an accurate forecast, but 
did you show any skill in so doing? Ina 
previous section, we saw that the chance 
of measurable rain in Los Angeles on any 
summer day is very small indeed; chances 


are good that day after day it will not rain. 


For a forecast to show skill, it should be 


._ morethan one based solely onthe current 


weather (persistence) or on the “normal” 
weather (climatology) for a given region. 
Therefore, during the summer in Los 


Angeles, a forecaster will have many 


accurate forecasts calling for “no measur- 
able rain,” but will need skill to predict 
correctly on which summer days it will rain. 


$, SHE 


Meteorological forecasts, then, show 
skill when they are more accurate than a 
forecast utilizing only persistence or 
Climatology. Persistence forecasts are 
usually difficult to improve upon for a 
period of time of several hours or less. 
Weather forecasts ranging from 12 hours 
to a few days generally show much more 
skill than those of persistence. However, 
as the range of the forecast period 
increases, the skill drops quickly. The 3- 


to 5-day and 6- to 10-day mean outlooks . 


both show some (marginal) skill in 
predicting precipitation. Beyond 10 days, 
specific forecasts are generally about as 
good as those based on climatology. The 
greatest improvement in forecasting skill 
during the past 25 years has been made in 
the area of severe storm warnings for 
hurricanes and tornadoes. Despite large 
population increases in areas generally 
threatened by these storms, there has 
been a decrease over the years in the 
number of lives lost because of them. 


(These questions are addressed in the Focus section 
on this page.) 


E THE COMPUTER AND WEATHER FORECASTS: 
NUMERICAL WEATHER PREDICTION 


As late as the mid-1950s, all weather maps and charts 
were plotted by hand and analyzed by individuals. 
Meteorologists predicted the weather using certain 
rules that related to the particular weather system in 
question. For short-range forecasts of six hours or less, 
the steady-state technique provided (and still pro- 
vides) a good method for moving surface fronts and 
pressure systems on a surface weather map. Upper-air 
charts, especially the 500-mb analysis, were used to 
predict where surface storms would develop and 
where pressure systems aloft would intensify or 
weaken. The predicted positions of these systems 


were extrapolated into the future using current maps. 
In many cases, these forecasts turned out to be amaz- 


_ ingly accurate. They were good but, with the advent 
of the modern computers, today’s forecasts are even | 


better. 

Modern electronic computers can analyze large 
quantities of data extremely fast. Each day the many 
thousands of observations transmitted to NMC are fed 
into a high-speed computer, which plots and draws 
lines that interpret the weather patterns. Human inter- 
vention then corrects any errors that may be present. 
The final chart is referred to as an analysis. 

The computer not only plots and analyzes data, it 
also predicts the weather. The routine daily forecast- 
ing of weather by the computer has come to be known 
as numerical weather prediction. _ 

Because the many weather variables are constantly 
changing, meteorologists have devised atmospheric 
models that describe the present state of the atmo- 


sphere. These are not physical models that paint a pic- 
ture of a developing storm; they are, rather, mathemat- 
ical models consisting of between six and eight 
mathematical equations that describe how atmo- 
spheric temperature, pressure, and moisture will 
change with time. Actually, the models do not fully 
represent the real atmosphere but are approximations 
formulated to retain the most important aspects of the 
atmosphere’s behavior. i 

The models are programmed into the computer, and 
surface and upper-air observations of temperature, 
pressure, moisture, winds, and air density are fed into 
the equations. To determine how each of these vari- 
ables will change, each equation is solved for a small 
increment of future time—say 5 minutes—for a large 
number of locations called grid points, each situated 
about 200 km apart.* In addition, each equation is 
solved for as many as 18 levels in the atmosphere. The 
results of these computations are then fed back into 
the original equations. The computer again solves 
the equations with the new “data,” thus predicting 
weather over the following 5 minutes. This procedure 
is done repeatedly until it reaches some desired time 
in the future, usually 12, 24, 36, or 48 hours. The com- 
puter then prints this information, analyzes it, and 
draws the projected positions of pressure systems 
with their contour lines. The final forecast chart repre- 
senting the atmosphere at a specified future time is 
called a prognostic chart, or, simply, a prog. Com- 
puter-drawn progs have come to be known as “ma- 
chine-made” forecasts. 

The computer solves the equations more quickly 
and efficiently than could be done by hand. For exam- 
ple, just to produce a 24-hour forecast chart for the 
Northern Hemisphere requires many hundreds of mil- 
lions of mathematical calculations. It would, there- 
fore, take a group of meteorologists working full time 
with hand calculators years to produce a single chart; 
by. the time the forecast was available, the weather for 
that day would already be ancient history. 


*Some models have a grid spacing as small as 50 km, while the 


spacing in others exceeds 350 km. A model in operation at NMC 
since 1980, called the spectral model, actually describes the atmo- 
sphere using a set of mathematical equations with wavelike charac- 
teristics rather than a set of discrete numbers associated with grid 
points. In the spectral model, the resolution is defined by the 
number of waves used rather than the size of the grid mesh. - 
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The forecaster uses the progs as a guide to predicting 
the weather. At present, there are a variety of models 
(and, hence, progs) from which to choose, each pro- 
ducing a slightly different interpretation ofthe weath- 
er for the same projected time and atmospheric level. 
(See Fig. 15.12, p. 398.) The differences between progs 
result from the way the models use the equations, the 
distance between grid points, or—in the case of the 
spectral model—the number of waves used. Some 
models predict some features better than others: One 
model works best in predicting the position of troughs 
at the 500-mb level, while another forecasts the posi- 
tion of surface lows quite well. A new model intro- 
duced in 1985—the medium-range forecast model, or 
MRF—forecasts the state of the atmosphere 132 hours 
(5.5 days) into the future. An example of an MRF fore- 
cast and its verification 5 days later is given in Fig. 


_ 15.4. 


A good forecaster knows the idiosyncrasies of each 
model and carefully scrutinizes all the progs. The fore- 
caster then makes a prediction based on the guidance 
of the computer, a personalized practical interpreta- 
tion of the weather situation and any local geographic 
features that influence the weather within the specific 
forecast area. : 

Since the forecaster has access to over 200 maps pro- 
duced at NMC each day, why is it that forecasts are 
sometimes wrong? 


m PROBLEMS IN WEATHER PREDICTION 


There are flaws inherent in the computer models that 
limit the accuracy of weather forecasts. For example, 
computer-forecast models idealize the real atmo- 
sphere, meaning that each model makes certain as- 
sumptions about the atmosphere. These assumptions 
may be on target for some weather situations and be 
way off for others. Consequently, the computer may 
produce a prog that on one day comes quite close to 
describing the actual state of the atmosphere (such as 
the example in Fig. 15.4) and not so close on another. 
A forecaster who bases a prediction on an “off day” 
computer prog may finda forecast of “rainand windy” 


turning out to be a day of “clear and colder.” 


Even though many thousands of weather observa- 
tions are taken worldwide each day, there are still re- 
gions where observations are sparse, particularly in 
the upper air over the oceans. Temperature data re- 
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FIGURE 15.4 (a) A500-mb prog `- 
(MRF model) for 7 P.M., EST, March 
12, 1987 —5 days (120 hr) into the 
future. The prediction was made on 
March 7. Solid lines on the map are | 
height contours, where 552 equals 
5520 meters. (6) The 500-mb 
analysis for 7 P.M., EST, March 12, 
1987. This chart shows that the 
MRF model did an excellent job of 
forecasting the positions of troughs 
and ridges across North America. 


(a) MRF model, 120 hr (5 day) 
500-mb prog for 7 P.M., EST, 
March 12, 1987. 


corded by satellites have helped to alleviate this prob- 
lem, although not completely because correlating tem- 
peratures measured by satellites with those measured 
by radiosondes has not been an easy task.* Since the 
computer’s forecast is only as good as the data fed into 
it, and since observing stations may be so far apart that 
they miss certain weather features, a denser network 
of observations is needed, especially in remote areas, 
to ensure better forecasts in the future. 


*The next generation GOES ‘satellites with an advanced atmo- 
spheric sounder should provide a more accurate profile of temper- 
ature and moisture for the computer models. - 


Earlier in this chapter, we saw that the computer 
solves the equations that represent the atmosphere at 
many locations called grid points, each about 50 to 
200 km apart. As a consequence, weather systems 
larger than this distance, such as extensive mid- 
latitude cyclones and anticyclones, show up on com- 
puter progs, while systems much smaller than this dis- 
tance, such as thunderstorms, do not. The computer 
models are, therefore, better at predicting the wide- 
spread precipitation associated with a large cyclonic 
storm than local showers and thunderstorms. In sum- 
mer, when much of the precipitation falls as local 
showers, a computer prog may have indicated good 
weather, while outside it is pouring rain. To capture 


— 


(b) 500-mb analysis for 
7 P.M., EST, March 12, 1987. 


the smaller-scale weather features, the distance be- 
tween grid points on some models is being reduced. 
However, as the horizontal spacing between grid 
points decreases, the number of computations in- 
creases. When the distance is halved, there are eight 
times as many computations to perform, and the time 
required to run the model goes up by a factor of 16. © 
Another forecasting problem is that computer mod- 


els cannot adequately interpret many of the factors 


that influence surface weather, such as the interac- 
tions of water, ice, and local terrain on weather sys- 
tems. Some models do take large geographic features 
(such as mountain chains and oceans) into account, 
while ignoring smaller features (such as hills and 
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lakes). These smaller features can have a marked influ- - 
ence on the local weather. Given the effect of local 
terrain, as well as the impact of some of the other prob- 
lems previously mentioned, computer forecasts pres- 
ently do an inadequate job of predicting local weather 
conditions, such as surface temperatures, winds, and 


precipitation. : N 


Even with a denser network of observing stations ` 
and near perfect computer models, there are countless 
small, unpredictable atmospheric fluctuations that 
fall under the heading of chaos. These small distur- 
bances, as well as small errors (uncertainties) in the 
data, generally amplify with time as the computer tries 
to project the weather farther and farther into the fu- 
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ture. After a number of days, these initial imperfec- 
tions (errors) tend to dominate, and the forecast shows 
little or no skill in predicting the behavior of the real 
atmosphere. 

In summary, imperfect numerical weather predic- 
tions may result from flaws in the computer models, 
from a sparseness of data, and/or from inadequate rep- 


resentation of the many pertinent processes, interac- - 


tions, and inherently chaotic behavior that occurs 
within the atmosphere. 


IMPROVING WEATHER FORECASTS 


Is there any hope that forecasts, and especially ex- 
tended forecasts, will be better in the future? If so, 
what efforts are presently being made to improve 
them? . 

_To improve medium- and extended-range forecasts, 


meteorologists are turning to a technique called en- 


semble forecasting. This approach is based on run- 


ning several forecast models—or different versions. 
(simulations) of a single model—each beginning with - 


slightly different weather information to reflect the er- 
rors inherent in the measurements. If at the end of a 
specified time the models match each other fairly 


well, then the forecaster can issue a prediction with a- 


high degree of confidence. If the models disagree, the 
forecaster, with little faith in the computer model pre- 
diction, issues a forecast with limited confidence, 
perhaps by giving a number ranging from 0 (no con- 
fidence) to 5 (great confidence). In essence, the less 
agreement among the models, the less predictable the 
weather. Consequently, it would not be wise to make 
outdoor plans for Saturday when on Monday the 
weekend forecast calls for “sunny and warm” with a 
low degree of confidence. 


In search of better and more accurate forecasts, 


meteorologists have also launched extensive research 
programs requiring international scientific coopera- 
tion. The Global Atmospheric Research Program 
(GARP) is a large-scale research effort designed to de- 
velop a better understanding of worldwide weather 
_ systems, so that large-scale forecasts using numerical 
models can be pushed to their theoretical limit of a 
week or more. 
To provide the meteorologist we knowledge of 
global weather system interaction, a field research 
program known as GATE (GARP Atlantic Tropical Ex- 


periment) was conducted during the summer of 1974 
over a comparatively small area in the tropical Atlan- 
tic just west of Africa. The main purpose of GATE was 
to determine the role that tropical cumulus cloud clus- 
ters play in the atmosphere’s general circulation. 
Thousands of people from 70 nations with dozens of 
ships and aircraft, satellites, radar, and ocean buoys 
amassed literally tons of data. While these data were 
being analyzed, another research effort began. 
Designed to observe the entire atmosphere for a 


_ whole year, the First GARP Global Experiment (FGGE) 


got under way in the late 1970s. Using weather buoys, 
satellites, and other observing tools, the project set out 
to gain a better understanding of atmospheric motions 
on a global scale, so that improved numerical models 
could be developed for extended forecasts. How effec- 
tive these efforts are in improving forecasts will be 
seen as new models are fully developed and used to 
predict the weather a week or more into the future. 
Although scientists may never be able to skillfully 
predict the weather beyond about 10 days using avail- 
able observations, the prediction of climatic trends 
appears to be more promising. Whereas individual 


weather systems vary greatly and are difficult to fore- 


cast very farin advance, global-scale patterns of winds 
and pressure frequently show a high degree of persis- 
tence and predictable change over periods of a few 
weeks to a month or more. With the latest generation 
of high-speed supercomputers, such as the CRAY at 
the National Center for Atmospheric Research, gen- 
eral circulation models (GCMs) are doing a far better 
job at predicting large-scale atmospheric behavior 
than did:the earlier models. (The GCMs are numerical 
computer models that simulate global patterns of 
wind, pressure, and temperature, and how these phe- 
nomenon change over time.) In fact, the new GCMs are 
able to simulate a number of global patterns quite well, 
such as blocking highs that can cause precipitation 
and temperature patterns to deviate considerably from 
average conditions. As new knowledge and methods 
of modeling are fed into the GCMs, it is hoped that 
they will become a reliable tool in the forecasting of 
weather and climate. (In Chapter 19, we will examine 
in more detail the climatic predictions based on num- 
erical models.) s 

To help forecasters at Weather Service Forecast df- 
fices, high-speed data modeling systems using mini- ' 
computers are employed. This particular communica- 
tion system, known as AFOS (Automation of Field 
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FIGURE 15.5 The AFOS all-electronic computerized system displays weather information on 
TV-type consoles at the push of a button. 


Operations and Services), provides weather informa- 
tion from any desired region on a television screen, as 
well as graphic overlays of satellite pictures and charts 
that enable forecasters to view and analyze dynamic 
weather events over a broad area. The AFOS system is 
shown in Fig. 15.5. 

At present, more advanced computerized systems 
are being developed and tested for future use. During 
the 1990s, the National Weather Service is planning a 
major modernization and restructuring program to re- 
place the current AFOS system with a superior Ad- 
vanced Weather Interactive Processing System, 
AWIPS. The AWIPS system will have new data com- 
munications, storage, processing, and display capa- 
bilities to better help the individual forecaster extract 
and assimilate information from the mass of available 
data. In addition, AWIPS will integrate and process in- 
formation received from NEXRAD (the new Doppler 
radar system being installed at weather forecast of- 
fices) and the new Automated Surface Observing Sys- 
tems (ASOS) that are planned for airports and other 
non-NEXRAD sites throughout the United States. The 
ASOS system is designed to provide nearly continu- 
ous information about wind, temperature, pressure, 
cloud base height, and runway visibility at various air- 
ports. Meteorologists believe that information from all 
of these sources will improve the accuracy of weather 
forecasts by providing previously unobtainable data 
for integration into numerical forecast models. 
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Because the weather affects every aspect of our daily 
lives, attempts to predict it accurately have been made 
for centuries. One of the earliest attempts was under- 
taken by Theophrastus, a pupil of Aristotle, who in 
300 B.C. compiled all sorts of weather indicators in his 
Book of Signs. A dominant influence in the field of 
weather forecasting for 2000 years, this work consists 
of ways to foretell the weather by examining natural 
signs, such as the color and shape of clouds, and the 
intensity at which a fly bites. Some of these signs have 
validity and area part of our own weather folklore—“a - 
halo around the moon portends rain” is one of these. 
Today, we realize that the halo is caused by the bend- 
ing of light as it passes through ice crystals and that ice 
crystal—type clouds (cirrostratus) are often the fore- 
runners of an approaching storm. | 

Weather predictions can be made by observing the 
sky and using a little weather wisdom. If you keep 
your eyes open and your senses keenly tuned to your 
environment, you should, with a little practice, be 


- able to make fairly good short-range local weather 


forecasts by interpreting the messages written in the 
weather elements. For example, the movement of 
clouds at different levels can assist you in predicting 
changes in the temperature of the air above you. This, 
in turn, can help you predict the stability of the air 
(Chapter 8), as well as whether falling snow will 
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When cold airis being brought into a 
region by the wind, we call this cold 
advection. When warm air is brought into 
a region, we call this warm advection. 

A knowledge of temperature advection 
aloft is a valuable tool in forecasting the 
weather. In summer, when the surface is 
warm, cold advection aloft sets up 
_ instability and increases the likelihood of 
towering cumulus clouds and showers. 
On the other hand, waim advection aloft 
usually increases the temperature of the 


air, thus making it more stable. During the 


winter, this often leads to smoke and haze 
accumulating in the colder air near the 
surface. 

By watching the movement of clouds, 
we get a good indication as.to the wind 
direction at cloud level and also the type of 


-advection. For instance, a cloud moving | 


from the west indicates a west wind, a 
cloud from the south a south wind ,andso 
on. Clouds at different levels frequently 
move in different directions, meaning that 
the wind direction is changing with height. 
Wind that changes direction in a 
clockwise sense (north to northeast to 
east, etc.) is a veering wind. Wind that 
changes direction in a counterclockwise 


- sense (north to northwest to west, etc.) is“ 


a backing wind. There are two general 
rules that will help us determine whether 
cold or warm advection is occurring ina | 
_ layer of air above us: 


1. . Winds that back with height henge 
counterclockwise) indicate cold 
advection. rr 
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(a) Veering wind 
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Upper cloud 


(b) Backing wind 


FIGURE 1 (a) The wind veers with height, suggesting warm advectionis occurring between 
the cloud layers. (b) The wind is backing with height, and cold advection is occurring between 


the cloud layers. 


2. Winds that veer with height (change 
clockwise) indicate warm advection. 


As an example, suppose we observe 
lower clouds moving from a southerly 
direction (south wind) and higher clouds 
moving from a westerly direction (west 
wind). (See Fig. 1a.) The wind direction is 
veering with height; warm advection is 
occurring between the cloud layers, and 
the air should be getting warmer. If, on 
some other day, we see lower clouds 
moving from a southerly direction and - 
higher clouds moving from an easterly 
direction (Fig. 1b), the wind is backing with 
height and the atmosphere between the 
cloud layers is probably becoming colder.* 

An example of the relationship between 
winds and advection is seen in the 


“In both of these examples, we are a ibe 


horizontal air motion only. 


- Vertically shifting winds that accompany 


weather fronts. Figure 2b is a surface map 
showing a typical open wave cyclone with 
its accompanying warm and cold fronts. 
Behind the cold front, swiftly moving 
cumulus clouds indicate a northwesterly 
wind exists about a kilometer or so above 
the surface. Ahead of the advancing 
warm front, stratiform clouds indicate that 
here southeasterly winds prevail about a 
kilometer above the ground. We know 
from Chapter 14 that warm advection 
takes place ahead of the warm front and 
cold advection behind the cold front. In 
both cases, the advection usually occurs 
in alayer from the surface up to at least the 
500-mb level. 

At the 500-mb level (Fig. 2a), the 
position of the upper trough and the 


- region of coldest air is to the west of the 


surface low. The direction of the wind and - 
also the cloud movement is shown by 
arrows. Because of the upper trough’s 
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continued 


position, the winds aloft are westerly 
behind the cold front and southwesterly 
ahead of the warm front. Figure 2c shows 
how the wind direction changes from the 
surface to the 500-mb level. Behind the 
cold front, the winds back from north- 
westerly to westerly as we move upward. 
Cold advection is taking place as chilling 
air moves in from the west. Just ahead of 
the approaching warm front the wind 
veers with height from southeasterly to 
southwesterly as warm air glides up and 
over the cool surface air. 

We can use this information to improve 
upon a weather forecast. For instance, if 
you happen to be located ahead of an 
advancing warm front and the winds 
above you are veering with height, the 
chances are that even if precipitation 
begins as snow it may change to rain as 
warm air moves in overhead. Behind a 
cold front where winds are backing with 
height, the influx of cold air may lower the 
temperature sufficiently so that rain first 
becomes mixed with snow, and then (é) 
changes to snow before the storm moves 
eastward. 


change to rain, or vice versa. (This topic is explored 
more extensively in the Focus section beginning on 
p. 388.) 

To help you forecast the weather, the instant weath- 
er forecast chart (Appendix E) has been prepared by 
considering the relationship that the pressure and 
wind have to various weather systems. While the chart 
is applicable to much of the United States, local influ- 
ences, such as mountains and large bodies of water, 
can affect the local weather to such an extent that the 
large-scale weather patterns on which the chart is 
based do not always show up clearly. (The chart works 
best during the fall, winter, and spring when the 
weather systems are active.) 


- FORECASTING TEMPERATURE ADVECTION BY WATCHING THE CLOUDS, 


Upper wind / 
: Veering (warm) 
Lower ` La 


wind Backing (cold) 


FIGURE 2 Clouds, winds, and advection associated with a cold and a warm front. 
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The chart is simply a guide; in no way is it infallible. 
For example, rising pressures in most cases indicate 
improving weather conditions. On the Great Plains, 
however, a snowstorm may begin with a rising barom- 
eter as the storm system passes south or east of an area 
and upslope conditions prevail. Along the eastern sea- 
board, a slowly rising barometer combined with 
northwesterly winds could spell heavy precipitation 
as a storm drifts northeastward parallel to the coast. 

By adding such information as cloud type, tempera- 
ture, and the wind aloft (as indicated by cloud move- 
ment), each forecast on the chart can be improved 
upon. For example, suppose that the barometer read- 
ing is 1016 mb, the pressure is falling, and the surface 
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wind is blowing from the southeast. The instant 
weather forecast chart predicts that precipitation is 
on the way. This is a reasonable forecast, for Buys- 
Ballot’s law (Chapter 10) suggests that the location of 
the surface storm is to the west. But how far west? 

Suppose that the air temperature is near 10°C (50°F), 
and that overhead a layer of altostratus (at about 4 km, 
or 13,000 ft) is moving from southwest to northeast. 
Again, using Buys-Ballot’s law (but this time for the 
winds aloft), we determine that there is an upper 
trough of low pressure to the west. As a general rule of 
thumb, the lower the stratiform cloud layer, the closer 
you are to the storm or frontal system. High cirro- 
stratus clouds usually indicate that an approaching 
frontal system is 1 or 2 days away, while a layer of low 
stratus (especially with fog and drizzle) usually means 
that the front is close indeed. Altostratus clouds 
‘suggest that the approaching system is probably be- 
tween 500 and 700 km to the west. The falling barom- 
eter, southeasterly surface winds, and southwesterly 
winds aloft suggest that the frontal system is moving 
toward us and that precipitation (probably rain) is 
likely within the next 6 to 8 hours. (If you have forgot- 
ten the typical weather associated with fronts, review 
Tables 13.2, 13.3, and 13.4, as well as the cyclone 
model, Fig. 14.11, p. 366.) ` 


FIGURE 15.6 Surface weather map for 6:00 
A.M. Tuesday. Dashed lines indicate positions 
of weather features 6 hours ago. Green- 
shaded areas are receiving precipitation. 


=E WEATHER FORECASTING 
USING SURFACE CHARTS 


We are now in a position to forecast the weather, uti- 
lizing more sophisticated techniques..Suppose, for 
example, that we wish to make a short-range weather 
prediction and the only information available is a sur- 
face weather map. Can we make a forecast from such a 
chart? Most definitely. And our chances of that fore- 
cast being correct improve markedly if we have maps 
available from several days back. We can use these 
past maps to locate the previous position of surface 
features and predict their movement. “ 

A simplified surface weather map is shown in Fig. 
15.6. The map portrays early winter weather condi- 
tions on Tuesday morning at 6:00 A.M. A single isobar 
is drawn around the pressure centers to show their 
positions without cluttering the map. Note that an 
open wave cyclone is developing over the Central 
Plains. The weather conforms to the cyclone model | 
(see Fig. 14.11, p. 366), with showers forming along 
the cold front and light rain and snow ahead of the 
warm front. The dashed lines on the map represent the 
position of the weather systems 6 hours ago. Our first 
question is: How will these systems move? 


FIGURE 15.7  Isallobars—lines of equal 
3-hour pressure change—for 6:00 A.M. 
Tuesday. The “F” represents the region of 
greatest pressure fall, while the “R” shows the 
region of greatest pressure rise. 


DETERMINING THE MOVEMENT OF WEATHER SYSTEMS 
There are several methods we can use in forecasting 


the movement of surface pressure systems and fronts. 


For short-time intervals, storms and fronts tend to 
move at a steady rate; that is, they move in the same di- 
rection and at approximately the same.speed as they 
did during the previous 6 hours (providing, of course, 
there is no evidence to indicate otherwise). Based on 
present trends, the storm center in Fig. 15.6 should 
move northeast. Another way to predict this move- 
ment is based on the fact that lows tend to move ina di- 
rection that parallels the isobars in the warm sector. 
Still another fact to consider when dealing with mov- 
ing pressure systems is the pressure tendency. In gen- 
eral, lows tend to move toward the region of greatest 
pressure drop, while highs tend to move toward the re- 
gion of greatest rise. 

If pressure tendencies are plotted on our map, we 


can draw lines connecting points of equal pressure _ 


change. These lines, called isallobars, help us to vis- 
ualize the regions of falling and rising pressure. The 
. distribution of pressure change for our map might look 
like the one in Fig. 15.7. Drawn at 2-mb intervals, the 
isallobars show a broad region of falling pressure 
ahead of the warm front, with the largest drop occur- 
ring to the northeast of the storm. This fits with the 
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previous observations and strengthens the prediction 
that the low center will move toward the northeast. 
The area of rising pressure immediately behind the 
cold front suggests that the anticyclone near the 
United States—Canadian border will continue to move 
southeastward. i 

Pressure tendencies not only help predict the move- 
ment of highs and lows, they also indicate how the 
pressure systems are changing with time. The rapid 
fall in pressure in advance of the low indicates that the 
storm center is deepening as it moves. A deepening 
low means more closely spaced isobars, a greater pres- 
sure gradient, and stronger winds—something to take 
into account when we make our weather forecast. A 
drop in pressure, on the other hand, in the vicinity of 
an anticyclone suggests that it is weakening, while a 
rise in pressure means that its central pressure is in- 
creasing. Hence, the anticyclone moving out of 
Canada is strong (1034 mb) and will remain so, where- 
as the anticyclone centered off the Georgia coast is 
either moving eastward or weakening rapidly as indi- 
cated by the falling pressure in that area. 

Before we complete our prediction about the move- 
ment of the pressure centers in Fig. 15.6, we need to 
look closely at the anticyclone off the Georgia coast. 
Strong highs, especially slow-moving ones, often re- 
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tard the eastward progress of lows, deflecting them 
either north or south. From all indications—falling 
pressures and past movement—this anticyclone is 
weakening and drifting slowly eastward. It should, 
therefore, pose no immediate problem to the north- 
eastward movement of the storm center. 

Even if we do not have access to pressure tendencies 
or previous weather maps, we can make an initial ap- 


proximation of how pressure systems will move by 


using Fig. 14.5 (see p. 360), which shows the average 
tracks of lows and highs during the winter months. 
From this diagram, it appears that the cyclones and 
anticyclones in Fig. 15. 6 are following rather typical 
trajectories. 


A FORECAST FOR SIX CITIES Our objective now is to 
make a weather forecast for six cities. To do this, we 
will project the pressure systems, fronts, and current 
weather into the future by assuming steady-state con- 
ditions. Figure 15.8 gives the 12- and 24-hour pro- 
jected positions of these features. . 

A word of caution before we make our forecasts. We 
are assuming that the pressure systems and fronts are 
moving at a constant rate. This may or may not occur. 
Storm systems, for example, tend to accelerate until 
they occlude, after which their rate of movement 
slows. Furthermore, the direction of moving systems 
may change due to “blocking” highs and; lows that 
exist in their path or because of shifting upper-level 
wind patterns. We will assume a constant rate of 
movement and forecast accordingly, always keeping 
in mind that the longer our forecasts extend into the 
future, the more susceptible they are to error... 

- Using Fig. 15.8 to follow the storm center eastward, 
` we can make a basic forecast. The cold front moving 


into north Texas on Tuesday morning is projected to. 


pass Dallas by that evening, so a forecast for the Dallas 
area would be “warm with showers, then turning 
colder.” But we can do much better than this. Know- 
ing the weather conditions that accompany advancing 
pressure areas and fronts; we can make more detailed 


weather forecasts that will take into account changes - 


in temperature, pressure, humidity, cloud cover, pre- 
cipitation, and winds. Our forecast will include the 


24-hour period from Tuesday morning to Wednesday 


morning for the cities of Augusta, Georgia; Wash- 
ington, D.C.; Chicago, Illinois; Memphis, Tennessee; 
Dallas, Texas; and Denver, Colorado. We will ibi 
with Augusta. - 


WEATHER FORECAST FOR AUGUSTA, GEORGIA. On 
Tuesday morning, cP air associated with a high- 
pressure center brought freezing temperatures and fair 
weather to the Augusta area (Fig. 15.6). Clear skies, 
light winds, and low humidities allowed rapid night- 
time cooling so that, by morning, temperatures were in 


the low thirties. Now look closely at Fig. 15.8 and ob- 


serve that the anticyclone is moving slowly eastward. 
Southerly winds on the western side of this system 
will bring warmer and more moist air to the region. 
Therefore, afternoon temperatures will be warmer 
than those of the day before. As the warm front ap- 
proaches from the west, clouds will increase, appear- 
ing first as cirrus, then thickening and lowering into 
the normal sequence of warm-front clouds. Baromet- 


_ Tic pressure should fall. Clouds and high humidity 


should keep minimum temperatures well above freez- 
ing on Tuesday night. Note that the projected area of 
precipitation (green-shaded region) does not quite 
reach Augusta. With all of this in mind, our forecast 
might sound something like this: ‘ 


Clear and cold this morning with moderating tempera- 
tures by afternoon. Increasing high clouds with skies be- 
coming overcast by evening. Cloudy and not nearly as 
cold tonight and tomorrow morning. Winds will be light 
and out of the south or southeast. Barometric pressure 
will fall slowly. 


Wednesday morning we discover that the weather 
in Augusta is foggy with temperatures in the upper 40s 
(°F). But fog was not in the forecast. What went wrong? 
We forgot to consider that the ground was still cold 
from the recent cold snap. The warm, moist air moving 
over the cold surface was chilled below its dew point, 
resulting in fog. Above the fog were the low clouds we 
predicted. The minimum temperatures remained 
higher than anticipated because of the release of latent 
heat during fog formation and the absorption of infra- 
red energy by the fog droplets. Not bad for a start. Now 
we will forecast the weather for Washington, D.C. - 


RAIN OR SNOW FOR WASHINGTON, D.C.? Look at Fig. 
15.8 and observe that the storm center is slowly ap- 
proaching Washington, D.C., from the west. Hence, 
the clear weather, light southwesterly winds, and low 
temperatures on Tuesday morning (Fig. 15.6) will 
gradually give way to increasing cloudiness, winds 
shifting to the southeast, and slightly higher tempera- 
tures. By Wednesday morning, the projected band of 


_ A.M. Tuesday until 6:00 a.m. Wednesday. 


FIGURE 15.8 Projected 12- and 24-hour 
movement of fronts, pressure systems, and 
precipitation (green-shaded area) from 6:00 


precipitation will be over the city. Will it be in the 
form of rain or snow? Without any data for tempera- 
tures aloft, this is difficult to determine. We can see in 
Fig. 15.6, however, that cities south of Washington, 
D.C.’s latitude are receiving snow. So a reasonable 
forecast would call for snow, possibly changing to rain 
as warm air moves in aloft in advance of the approach- 
ing fronts. A 24-hour forecast for Washington, D.C., 
might sound like this: 


Increasing clouds today and continued cold. Snow begin- 
ning by early Wednesday morning, possibly changing to 
rain. Winds will be out of the southeast. Pressures will 
fall. 


Wednesday morning a friend in Washington, D.C., 


- calls to tell us that the sleet began to fall but has since 


changed to rain. Sleet? Another fractured forecast! 
Well, almost. What we forgot to account for this time 
was the intensification of the storm. As the storm 
moved eastward, it deepened; central pressure low- 
ered, pressure gradients tightened, and southeasterly 
winds blew stronger than anticipated. As air moved 
inland off the warmer Atlantic, it rode up and over the 
colder surface air. Snow falling into this warm layer at 
least partially melted; it then refroze as it entered the 
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colder air near ground level. The advection of warmer 
air from the ocean slowly raised the surface tempera- 
tures, and the sleet soon became rain. Although we did 
not see this possibility when we made our forecast, a 
forecaster more familiar with local surroundings 
would have. Let’s move on to Chicago. 


BIG SNOW STORM FOR CHICAGO From Figs. 15.6 and 
15.8, it appears that Chicago is in for a major snow 
storm. Overrunning of warm air has produced a wide 
area of snow which, from all indications, is heading 
directly for the Chicago area. Since cold air north of 
the low center will be over Chicago, precipitation 
reaching the ground should be frozen. On Tuesday | 
morning the leading edge of precipitation is less than 6 
hours away from Chicago. Based on the projected path 
of the storm, light snow should begin to fall around 
noon. 

By evening, as the storm intensifies, snowfall 
should become heavy. It should taper off and finally 
end around midnight as the storm moves on east. If it 
snows for a total of 12 hours—6 hours as light snow 
(around 1 in. every 3 hours) and 6 hours as heavy snow 
(around 1 in. per hour)—then the total expected ac- 
cumulation will be between 6 and 10 inches. As the 
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depression moves eastward, passing south of Chicago, 
winds on Tuesday will gradually shift from southeast- 
erly to easterly, then northeasterly by evening. Since 
the system is intensifying, it should produce strong 
winds that will swirl the snow into huge drifts, which 
may bring traffic to a crawl. 

- The winds. will continue to shift to the north and 
finally become northwesterly by Wednesday morning. 
By then the storm center will probably be far enough 
east so that skies should begin to clear. Cold air ad- 
vected from the northwest behind the storm will cause 
temperatures to drop further. Barometer readings dur- 
ing the storm will fall as the low center approaches 
and reach a low value sometime Tuesday night, after 
which they will begin to rise. A weather forecast for 
Chicago might be: 


- Cloudy and cold with light snow beginning by noon, be- 
coming heavy by evening and ending by Wednesday 

. morning. Total accumulations will range between 6 and 
10 inches. Winds will be strong and gusty out of the east or 
northeast today becoming northerly tonight and north- 

_ westerly by Wednesday morning. Barometric pressure 
will fall sharply today and rise tomorrow. 


A call Wednesday morning to a friend in Chicago re- 


veals that our forecast was correct except that the total 


snow accumulation so far is 13 inches. We were offin — 


our forecast because the storm system slowed as it be- 
came occluded. We did not consider this because we 
moved the system by the steady-state method. At this 
time of year (early winter), Lake Michigan is not quite 
frozen over and the added moisture picked up from 
the lake by the strong easterly winds also helped to 
produce a heavier-than-predicted snowfall. Again, a 
knowledge of the local surroundings would have 
helped make a more accurate forecast. The weather 
600 km south of Chicago should be much different 
from this. 


MIXED BAG OF WEATHERFOR MEMPHIS Observe in Fig. 
15.8 that, within 24 hours, both a warm and a cold 
front should move past Memphis. The light rain that 


began Tuesday morning should saturate the cool air, 


creating a blanket of low clouds and fog by midday. 
The warm front, as it moves through sometime Tues- 
day afternoon, should cause temperatures to rise 
slightly as winds shift to the south or southwest. At 
night, clear to partly cloudy skies should allow the 
ground and air above to cool, offsetting any tendency 


for a rapid rise in temperature. Falling pressures 
should level off in the warm sector, then fall once 
again as the cold front approaches. According to the 
projection in Fig. 15.8, the cold front should arrive 
sometime before midnight on Tuesday, bringing with 
it gusty northwesterly winds, showers, the possibility 
of thunderstorms, rising pressures, and colder air. 
Taking all of this into account, our weather forecast for 
Memphis will be: 


- Cloudy and cool with light rain, low clouds, and fog early 
today, becoming partly cloudy and warmer by late this af- 
ternoon. Clouds increasing with possible showers and 
thunderstorms later tonight or early Wednesday morning 

_ and turning colder. Winds southeasterly this morning, be- 
coming southerly or southwesterly this evening and shift- 
ing to northwesterly by Wednesday morning. Pressures 
falling this morning, leveling off this evening, then falling 
again tonight and rising by Wednesday morning. 


A friend who lives near Memphis calls Wednesday 
to inform us that our forecast was correct exfept that 
the thunderstorms did not materialize and that Tues- 
day night dense fog formed in low-lying valleys, but 
by Wednesday morning it had dissipated. Apparently, 
in the warm sector, winds were not strong enough to 
mix the cold, moist air that had settled in the valleys 
with the warm air above. It’s on to Dallas. 


COLD WAVE FOR DALLAS From Fig. 15.8, it appears 
that our weather forecast for Dallas should be straight- 
forward, since a cold front is expected to pass the area 
around noon. Weather along the front is showery with 
a few thunderstorms developing; behind the front the 
air is clear but cold. By Wednesday morning it looks as 
if the cold front will be far to the east and south of 
Dallas and an anticyclone will be centered over Col- 
orado. North or northwesterly winds on the east side 
of the high will bring cold continental polar air into 
Texas, dropping temperatures as much as 40°F within 
a 24-hour period. With minimum temperatures well 
below freezing, Dallas will be in the grip of a cold 
wave. Our weather forecast should therefore sound 
something like this: 


Increasing cloudiness and mild this morning with the 
possibility of showers and thunderstorms this afternoon. 
Clearing and turning much colder tonight and tomorrow. 
Winds will be southwesterly today, becoming gusty north 
or northwesterly this afternoon and tonight. Pressures 
falling this morning, then rising later today. 


How did our forecast turn out? A quick call to Dallas 
on Wednesday morning reveals that the weather there 
is cold but not as cold as expected, and the sky is over- 


- cast. Cloudy weather? How can this be? 


The cold front moved through on schedule Tuesday 
afternoon, bringing showers, gusty winds, and cold 
weather with it. Moving southward, the front gradu- 
ally slowed and became stationary alonga line stretch- 
ing from the Gulf of Mexico westward through south- 
ern Texas and northern Mexico. (From the surface 
map alone we had no way of knowing this would hap- 
pen.) Along the stationary front a wave formed. This 
caused warm, moist Gulf air to slide northward up and 
over the cold surface air. Clouds formed, minimum 
temperatures did not go as low as expected, and we are 
left with a fractured forecast. Let’s give Denver a try. 


CLEAR BUT COLD FOR DENVER In Fig. 15.8, we can see 
that, based on our projections, the cold anticyclone 
will be almost directly over Denver by Wednesday 


morning. Sinking air aloft should keep the sky rela- ` 


tively free of clouds. Weak pressure gradients will pro- 
duce only weak winds and this, coupled with dry air, 
will allow for intense radiational cooling. Minimum 


FIGURE 15.9 Surface weather map for 6:00 
A.M. Wednesday. l 
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temperatures will probably drop to well below O°F. 
Our forecast should therefore read: 


Clear and cold through tomorrow. Northerly winds today 
becoming light and variable by tonight. Low temperatures 
tomorrow morning will be below zero. Barometric pres- 
sure will continue to rise. 


Almost reluctantly Wednesday morning, we in- 
quire about the weather conditions at Denver. “Clear 
and very cold” is the reply. A successful forecast at 
last! We are told, however, that the minimum temper- 
ature did not go below zero; in fact, 13°F was as cold as 
it got. A downslope wind coming off the mountains to 
the west of Denver kept the air mixed and the min- 
imum temperature higher than expected. Again, a 
forecaster familiar with the local topography of the 
Denver area would have foreseen the conditions that 
lead to such downslope winds and would have taken 
this into account when making the forecast. 


A complete picture of the surface weather systems 
for 6:00 A.M. Wednesday morning is given in Fig. 15.9. 
By comparing this chart with Fig. 15.8, we can sum- 
marize why our forecasts did not turn out exactly as 


H 5 Denver 


7 
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we had predicted. For one thing, the storm center near 
the Great Lakes moved slower and further to the north 
than expected. This allowed a southeasterly flow of 
mild Atlantic air to overrun cooler surface air ahead of 
the storm while, behind the low, cities remained in the 
snow area for a longer time. The weak wave that de- 
veloped along the trailing cold front brought cloudi- 
ness and precipitation to Texas and prevented the 
really cold air from penetrating deep into the south. 
Further west, the high originally over Montana moved 
more southerly than southeasterly, which set up a 
pressure gradient that brought westerly downslope 
winds to eastern Colorado. 

The forecasting techniques discussed so far are 
those you can use when making a weather prediction. 
The following section describes how a meteorologist 
predicts the weather in a region where, to the west, 
surface weather features are extensively modified by a 
vast body of water and only scanty surface and upper- 


air data are available. Here, the forecaster must rely _ 


heavily on experience as well as more sophisticated 
tools, which include satellite data, upper-air charts, 
and computer progs. | 


m AMETEOROLOGIST MAKES A PREDICTION 


It is late afternoon, and outside the weather) forecast 
office near San Francisco the meteorologist mulls over 
what is going on in the sky. Overhead is a thin cover- 


FIGURE 15.10 Surface weather map for 4:00 P.M. Sunday, March 25, 1979. 


ing of cirrostratus; to the west, draped over the foot- 
hills, is the ever present stratus and fog. The airis coo] 
and the winds are westerly. It is Sunday, March 25, 
and the forecaster's task is to predict the weather for 
the coastal area of central California. 

What will tomorrow's weather be like? Will it be 
similar to today’s or will it change markedly? A slowly 
falling barometer of 1016 mb (30 in.):and the high 
clouds moving in from the west point to an approach- 
ing storm system. A forecast of persistence might be 
good for the next several hours, but what about tomor- 
row morning or tomorrow afternoon? 

: The late afternoon surface analysis provides little 
assistance with these questions. The surface map for 
4:00 P.M. (PST) Sunday (Fig. 15.10) shows there are no 
weather fronts approaching the West Coast. In fact, the 
nearest front is a stationary one that has stalled over 
the Rockies. There is, however, a region of low pres- 
sure centered about 1100 km (700 mi) west of San 


- Francisco, which (according to previous maps): has 


been there for several days. With a central pressure of 
only about 1012 mb (29.88 in.), the system is fairly 
weak. Could this weak depression be causing the’ in- 
crease in high cloudiness and the falling barometer? 
And will this pattern lead to rain tomorrow? A look at 
the 500-mb chart may help with these questions. _ 


HELP FROM THE 500-MB CHART Figure 15.11 shows 
the 500-mb analysis for 4:00 P.M. Sunday afternoon. 
While examining the chart, the meteorologist recog- 
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FIGURE 15.11 The500-mb chart for 4:00 P.M. Sunday, March 25, 1979. Arrows indicate wind flow. 
Solid lines are height contours where 564 equals 5640 m. Dashed lines are isotherms in °C. Heavy, 


solid line shows position of shortwave trough. 


nizes certain clues that will aid in making the forecast. 
For one thing, the 5640-m height line is over northern 
California. When this contour line is situated here or 
further south, the statistical probability of receiving 
measurable rainfall over central California increases 
greatly. There are, in fact, some forecasters who base 
their precipitation forecasts solely on the position of 
that line. 

West of San Francisco the flow is meridional with a 


cut-off warm, upper high situated just south of Alaska. - 


To the south both east and west of the high are troughs. 
Because the shape of this flow around the high resem- 
bles the Greek letter omega (), the high and its accom- 
panying ridge is known as an omega high. The fore- 


‘caster recognizes the omega high as a blocking high, 


one that tends to persist in the same geographic loca- 
tion for many days. This blocking pattern also tends to 
keep the troughs in their respective positions, which 
has been the case for several days now. But the chart 
indicates that the cold upper trough located west of 
San Francisco may be changing somewhat. 

Observe the spacing of the contour lines around this 
trough. Even witha limited number of actual wind ob- 
servations, the close spacing of the contours to the 
west and northwest of the trough and the more widely 


spaced contours to the east of the trough hint that 


stronger winds exist to the west of the trough. The 


forecaster knows from past experience that this usu- 
ally means the trough will deepen. Also note that to 
the northwest of the trough (position 1) the wind 
crosses the —25°C isotherm, indicating that cold ad- 
vection is occurring. The heavy, solid line on the chart 
off the Canadian coast (position 2) represents the posi- 
tion of a shortwave trough, which is moving rapidly 
southward. The injection of cold air and the short- 
wave into the main trough should cause it to intensify. 
To the east of the main trough (position 3), the wind is 
advecting warmer subtropical air northeastward. It is 
the lifting and condensing of this moist air that is pro- 
ducing the high clouds over San Francisco. All of 
these conditions—high wind speeds, regions of tem- 
perature advection, and a shortwave moving into a — 
longwave trough—manifest themselves as a deepen- 
ing of the longwave trough. As the upper trough 
deepens, it will be capable of providing the necessary 
conditions favorable for the development of the sur- 
face low into a major storm system. (You may re- 


member from Chapter 14 that the generation of this 


type of dynamic instability is called baroclinic insta- 
bility.) 

One of the main ingredients necessary for the de- 
velopment and intensification of the surface depres- 
sion is divergence of the airflow aloft. The forecaster 
knows that divergence aloft causes surface pressures 
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(a) Baroclinic model | . (b) Barotropic model _ (c) LFM 2 model 
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FIGURE 15.12 . Three computer-drawn progs that show the 12-hour, 24-hour, and 36-hour 
projected 500-mb chart. Solid lines are contours. Dashed lines represent projected positions of 
shortwaves. (These predictions were made on Sunday, March 25, 1979, at 4:00 P.M., PST.) 
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to decrease beneath it. This in turn causes surface air 
to converge, rise, and condense into widespread 
cloudiness. But where will regions of divergence, con- 
vergence, and rising air be found on tomorrow’s map? 
And how will tomorrow’s map be different from to- 
day’s? This is where the computer and the forecaster 
work together to come up with a prediction. 


THE COMPUTER PROVIDES ASSISTANCE ‘The computer 
progs predict the future positions of weather systems. 
Some of the progs also predict where shortwave 
troughs will be located. It is important to know where 
the shortwaves will be found, because to the east of 
them there is usually upper-level divergence, lower- 
level convergence, rising air, clouds, and precipita- 
tion. Hence, predicting the position of a shortwave 


- means predicting regions of inclement weather. (The 


position of the shortwaves also pretty much corre- 


sponds to the position of the vorticity maximums dis- 


cussed in Chapter 14.) 

Three models that predict the positions of the short- 
waves, upper-level pressure systems, and flow aloft at 
500 mb for 12, 24, and 36 hours into the future are 
shown in Fig. 15.12.* (Each prediction is made on 


Sunday afternoon.) Observe that each prog moves the 


upper trough slowly eastward and keeps it off the 
coast for the entire period. However, the actual posi- 
tioning of the trough and the shortwaves (heavy 
dashed lines) differ for each model. The baroclinic 
and limited-area fine mesh (LFM) models move the 
trough eastward more quickly than does the baro- 
tropic model. Also, the baroclinic and LFM progs for 
Monday morning both show several shortwaves mov- 
ing around the upper trough with one shortwave west 
of San Francisco. The barotropic model predicts that 
the same shortwave will be much farther to the west. 
After examining each prog carefully, the forecaster 
must decide which model most accurately describes 
the future state of the atmosphere. Because this is a 
baroclinic situation (contour lines cross isotherms), 
more credence is given to the baroclinic model than 


*Explaining the differences among the three models is beyond the 
scope of this book. In very simple terms, the barotropic model as- 
sumes that the isotherms on the upper-level chart are parallel to the 
contour lines; the baroclinic model assumes that the isotherms 
cross the contour lines. The limited-area fine mesh model (LFM) 
has a much closer grid-point spacing than the other two models— 
130 km (81 mi). 


AMETEOROLOGIST MAKES A PREDICTION | 399 


the barotropic. But forecasts based on the LFM are 
usually better, since it uses more closely spaced grid 
points and a greater number of data points. * 

Using experience and the progs, the meteorologist 
sets out to predict the weather. In Fig. 15.12c, the LFM 
prog has a shortwave moving toward the California 
coast on Monday morning. The southwesterly flow 
above this system will steer it toward the California 
coast, causing the clouds to increase and thicken. Ac- 
cording to the progs, the shortwave should move over- 
head sometime before noon, bringing with it cloudy 
skies and a chance of rain. Because the upper-level 
low is predicted to remain off the coast, southwesterly 
winds aloft will continue to pump moisture into the 
region. The 36-hour LFM prog shows that the second 
shortwave is scheduled to move through early Tues- 
day morning. The chance of rain should increase at 


- this time. This same prog shows several shortwaves 


still off the coast, so the threat of rain will persist at 
least through Tuesday. Therefore, the precipitation 
forecast will sound like this: 


Increasing cloudiness Sunday night with rain beginning 
Monday morning. Periods of rain likely through Tuesday 
with heavy amounts falling Tuesday morning. 


A VALID FORECAST By early Monday morning, the 
maps begin to show the changes that the computer 
progs predicted. The surface map for 4:00 A.M. (PST) 
Monday morning (Fig. 15.13) shows that the surface 
low in the Pacific has moved eastward and developed 
into a broad trough west of California. (Compare its 
position with Fig. 15.10.) The trough has deepened 
considerably as indicated by its central pressure of 
1004 mb (29.65 in.). The approach of the storm is evi- 


_denced in.San Francisco by thick middle clouds, 


southerly winds, and a falling barometer, nearly 4 mb 
lower than 12 hours ago. All these signs suggest that 
rain is on the way. 

On the 500-mb chart (Fig. 15.14) for 4:00 A.M. Mon- 
day morning, we can see that the injection of cold air 
and the shortwave into the main upper trough have 
caused it to deepen. Note that the height contours are 
now displaced farther south and that the contour in 
the middle of the trough is lower than on the previous 


*The idea in this forecasting example is not to illustrate the differ- 
ent models in use, but rather to show how a forecaster might use 
any numerical computer model as a forecasting tool. 
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FIGURE 15.13 Surface weather map for 4:00 a.m. Monday, March 26, 1979. 


-500-mb map (Fig. 15.11). Compare Fig. 15:14 with the 
'LFM 12-hour computer prog (Fig. 15. 12c) and notice 
«how well they match. The computer did a good job 
_ predicting the position of the upper-level pressure 


_systems and shortwaves (heavy, dashed lines). Since 


the shortwaves are moving with the flow toward San 


| 
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Francisco, it should rain today. But at what time will 
the rain begin? Here is where satellite information as- 
sists the casi 


ASSISTANCE FROM THE SATELLITE The infrared satel- 
lite photograph taken at 6:45 A.M. Monday (Fig. 15.15) 


570 


FIGURE 15.14 The 500-mb chart for 4:00 a.m. Monday, March 26, 1979. Heavy, dashed lines 
show positions of shortwaves. (Compare with Fig. 15.12, the 12-hour prog.) . 


shows that the middle clouds presently over Califor- 
nia will soon give way to a band of organized cumuli- 
form clouds that look like a comma in the photograph. 
This coherent band of clouds is known as a comma 
cloud. Observe that this cloud band lies almost be- 
neath the shortwave shown in Fig. 15.14. Also note 
that to the west a relatively unorganized mass of 
clouds is beginning to form near the second short- 
wave. Strong southwesterly winds aloft should carry 
the large comma cloud and its weather into California. 

By examining the movement of the cloud mass on 
successive satellite photographs, the forecaster can 
predict its arrival time and hence when rainfall will 
begin. According to satellite photographs, the leading 
edge of the comma cloud should be just off-shore by 


- Monday afternoon. Also, radar indicates that, just off 


the coast, light rain is now falling from the middle 
cloud layer. Consequently, rainfall should begin 
sometime in the morning, becoming heavier by the af- 
ternoon as the cumuliform clouds move in. Because 
the surface low is beneath the upper-level shortwave, 
the surface depression will probably continue to in- 
tensify, and pressure gradients around it will increase, 
creating strong and gusty winds from the south as the 
storm approaches. An amended forecast for San Fran- 
cisco might read: | | 


Rain beginning this morning becoming heavy by this af- 
ternoon. Strong and gusty southerly winds. 


A DAY OF RAIN AND WIND The first raindrops falling 
from altostratus clouds dampen city streets near the 
end of the morning rush hour. Quickly, the rain 


spreads inland, and by late Monday afternoon weather | 


radar shows that precipitation is falling throughout 
northern and central California as gusty southerly 
winds and moderate rain greet commuters on their 
way home. | 

The barometer has fallen sharply all day at San 
Francisco and by 4:00 P.M. the barometer reading is 
1004 mb, a drop of 7 mb in just 6 hours. We can see the 
reason for this on the surface map for 4:00 P.M. Mon- 
day afternoon (Fig. 15.16). The low has not only 
moved closer to the coast, it has intensified consider- 
ably, as indicated by the drop of 11 mb in central pres- 
sure in just 12 hours. Spiraling around the low, a cold 
front marks the position of the comma cloud. At first, 
this may seem surprising, since no fronts were drawn 
on the previous map. However, remember that this isa 
baroclinic situation with cold advection behind the 
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FIGURE 15.15 Infrared satellite picture taken at 6:45 A.M. (PST) 
Monday, March 26, 1979. Heavy, dashed line shows position of 
“comma” cloud. 


low, warm advection in front of it, and divergence in 
the flow aloft. At the surface, air masses with contrast- 
ing temperatures are being brought together in the re- 
gion of the comma cloud. Since the cold air is on the 
western side of the comma cloud, the meteorologist 
saw fit to draw in a cold front. Notice that, to the north 
of the low, a stationary front marks the boundary be- 
tween cold mP air to the west and modified cool mP air 
to the east. 

As the surface low intensifies, it and the spiraling 
band of clouds move eastward more slowly. The front 
will, therefore, move through later than anticipated, 
sometime late Monday night or early Tuesday morn- 
ing. The forecaster expects that the winds will remain 
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FIGURE 15.16 Surface weather map for 
4:00 P.M. Monday, March 26, 1979. 


Ry gi 
$ A 
3 
í 
g 
a 


{$ 
thes, 


advection 


fees yaar 
pS P 


TT” a 


FIGURE 15.17 Visible satellite photograph for 9:00 A.M. Tuesday, 
March 27, 1979. Included in the picture are the positions of surface 
fronts, the upper-level flow (heavy arrow), and precipitation patterns. 


strong and precipitation will be heavy as the front 
passes. 
Early Tuesday morning, the front moves on-shore, 
bringing with it heavy rain and winds with gusts ex- 
ceeding 45 knots. Billowing cumulus clouds, and in 


-some areas thunderstorms, drench the entire Pacific 


Coast with rain, and with snow at higher elevations. 
The storm center, constantly being drained of air by 
strong upper-level divergence, has deepened into a 
furious system with a central pressure of 988 mb 
(29.17 in.). . 

The satellite photograph for 9:00 A.M. Tuesday 
morning (Fig. 15.17) provides us with a visual in- 


> terpretation of the storm. We see superimposed on the 


photograph the positions of the surface low, fronts, 
and the winds aloft (heavy arrow). Note that a front 
with its heavy band of clouds stretches from Idaho 
southward into Nevada and southern California, 
while the surface low is still positioned off the north- 
ern California coast. Moving through central Califor- 
nia is a band of clouds and showers associated with a 


. shortwave, spinning counterclockwise around the 
- low. 


The upper flow indicates that the trough aloft is still 
off the coast just as Sunday’s LFM computer prog had 


- predicted. If we follow the flow southward out of 


Canada, we see a patch of clear weather just off shore. 
Here, the air pushing southward off the land is cold 
and dry, so clouds do not form. However, as the air 
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weather type forecasting 


moves further south, it warms and picks up moisture 
from the water below. The rippled cloud pattern in the 
photograph is cumulus clouds, which form in the un- 
stable air. Look closely at the photograph and notice 
that a comma cloud is developing to the southwest of 
the deep surface low. If you refer back to Fig. 15.12c, 
you will see that the 36-hour LFM prog predicted that 
a shortwave would be located in this region on Tues- 
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day morning. Is this cloud band organizing into 
another onslaught of high winds, heavy precipitation, 
and thunderstorms? If so, when will it arrive? And 
what about the storm off the coast? Will it deepen or 
fill, move inland or remain stationary? It’s back to the 
drawing board—to the computer progs, the charts, 
and the satellite photographs. The challenge and an- 
ticipation of making another forecast are at hand. 


Forecasting tomorrow’s weather entails a variety of 
techniques and methods. Persistence and steady-state 
forecasts are useful when making a short-range (0—6 
hour) prediction. For a longer range forecast, the cur- 
rent analysis, satellite data, weather typing, intuition, 


experience, along with guidance from the many com- | 


puter progs supplied by the National Weather Service, 
all go into making a prediction. 

Different computer progs are based upon different 
atmospheric models that describe the state of the at- 
mosphere and how it will change with time. Cur- 
rently, flaws in the models—as well as tiny errors 
(uncertainties) in the data—generally amplify as the 
computer tries to project weather farther and farther 
into the future. At present, computer progs are better 
at forecasting the position of midlatitude highs and 


lows than local showers and thunderstorms. To skill- 
fully forecast smaller features, the grid spacing on the 
models must be reduced. This results in many more 
computations and a longer running time. l 

As new information from atmospheric research pro- 


. grams is fed into the latest generation of computers, it 


is hoped that the progs will be able to show skill in pre- 
dicting the weather up to 10 days in the future. More 
promising at this time is the simulation of large-scale 
climatic trends by the most recent general circulation 
models. 

The latter part of this chapter does not cover all the 
methods of weather prediction, but, rather, conveys 
an understanding of the problems confronting anyone 
who attempts to predict the behavior of this churning 
mass of air we call our atmosphere. 


a LLL A A LET 


KEY TERMS — 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 


viewing the material covered in this chapter. 


weather watch climatological forecast AFOS 
weather warning probability forecast AWIPS l 
persistence forecast analysis id veering wind 
steady-state (trend) forecast numerical weather prediction backing wind 
nowcasting atmospheric models isallobars 
analogue forecasting method prognostic chart (prog) omega high 


ensemble forecasting 


comma cloud . 
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E QUESTIONS FOR REVIEW © 


1. 
2. 
- same time tomorrow. Did you use any skill in mak- 


10. 


12. 


. 13. 


What is the function of NMC? 
Make a persistence forecast for your area for this 


ing this prediction? Explain. 


. Describe four methods of forecasting the weather 


and give an example for each one. 


. Suppose that the forecast for your area today calls 


for an “80 percent gees of rain.” What sata 
does that mean? 


. In what ways has the computer assisted de mete- 


orologist in making weather forecasts? 


. How does a prog differ from an analysis? 
. Briefly describe how the canaio goes m 


making a weather forecast. 


. What are some of the problems associated with 


computer model forecasts? 


. How does a weather watch differ from a weather 


warning? 

Would a forecast calling ier a 20 percent chance of 
rain be high enough for you to cancel your plans 
for a picnic? Explain. 

Use the instant weather forecast chart (Appendix 
E) as a guide to making a short-range weather fore- 
cast when the surface weather elements indicate 
those shown in Table 15.1. 

If low clouds at an elevation of 1 km above you are 
moving from the southeast and clouds about 2 km 
higher are moving from the southwest, is cold or 
warm advection taking place between the cloud 
layers? Explain. 


List four methods that you could use to predict the — 


movement of a surface open wave cyclone. 


14. 


15. 


What is an omega high? What influence does it 
have on the movement of surface highs and lows? 
esa that where you live, the middle of Janu- 
ary is typically several degrees warmer than the 


. rest of the month. If you forecast this “January 


16. 


thaw” for the middle of next January, what type of 
a weather forecast will you have made? 
Describe the technique of ensemble forecasting. 


QUESTIONS FOR THOUGHT 


. From Fig. 15.3 determine the probability af a 


“White Christmas” for your area. 


. Suppose the chance for a “White Christmas” at your 


home is 10 percent. Last Christmas was a white one. 
If for next year you forecast a “nonwhite” Christ- 
mas, will you have shown any skill if your forecast 
turns out to be correct? Explain. 


. Suppose that it is presently warm and raining. A 


cold front will pass your area in 3 hours. Behind the 
front it is cold and snowing. Make a persistence 
forecast for your area 6 hours from now. Would you 
expect this forecast to be correct? Explain. Now, 
make a forecast for your area using the steady-state, 
or trend, method. 


. Explain how the dren ‘sensitive Ars on 


initial conditions” relates to the final outcome of a 
computer-based weather forecast. 


PROBLEMS AND EXERCISES 


. From the newspaper or the National Weather Ser- 
vice, obtain a copy of next month's 30-day outlook. 
Based on the temperature and precipitation pat- 


terns of this forecast, draw several contour lines 
representing the upper-air pattern that would be 
necessary for such a forecast to come true. 


. Keep a notebook handy, and each day sketch the 


upper-air and surface weather patterns. Do this fora 
month or more, noting the type of weather each pat- 
tern brings. Use this information to start making 
your own forecasts by examining the current sur- 
face and upper-air charts. 


. When a persistent winter pattern at 500-mb appears 


similar to that shown in Fig. 15.18, show on the 
map where you would forecast the following: 
(a) good chance of precipitation; (b) above seasonal 
temperatures; (c) below seasonal temperatures; 
(d) generally dry weather. 


. In Fig. 15.6, p. 390, mark the position of the follow- 


ing cities: Cleveland, Ohio; Albuquerque, New 
Mexico; and New Orleans, Louisiana. Based on the 
projected movement of the surface weather systems 
in Fig. 15.8, p. 393, make a 24-hour weather fore- 
cast for each of these cities. In your forecast, include 
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temperature, pressure, cloud cover, humidity, 
winds, and precipitation (if any). Compare your 
forecasts with the actual weather at the end of the 
period in Fig. 15.9, p. 395. 


FIGURE 15.18 Diagram for Exercise 3. 


A tomado with winds exceeding 100 knots swirls across the plains of North Dakota. (Photo: 
Edi Ann Otto) z` l 
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Wednesday, March 18, 1925, was a day that began unevent- 
fully, but within hours turned into a day that changed the lives of 
thousands of people and made meteorological history. Shortly 
after 1:00 P.M., the sky turned a dark greenish-black and the 
wind began whipping around the small town of Murphysboro, 
Illinois. Arthur and Ella Flatt lived on the outskirts of town with 
their only son, Art, who would be four years old in two weeks. 
Arthur was workingin the garage when he heard the roar of the 
wind and saw the threatening dark clouds whirling overhead. 
instantly concerned for the safety of his family, he ran toward 
the house as the tornado began its deadly pass over the area. 
With debris from the house flying in his path and the deafening 
thunder of destruction all around him, Arthur reached the front 
door. As he struggled in vain to get to his family, whose screams 
he could hear inside, the porch and its massive support pillars 
caved in on him. Inside the house, Ella had scooped up young 
Art in her arms and was making a panicked dash down the front 
hallway towards the door when the walls collapsed, knocking 
her to the floor, with Art cradled beneath her. Within seconds, 
the rest of the house fell down upon them. Both Arthur and Ella 
were killed instantly, but Art was spared, nestled safely under 
his mother’s body. 

As the dead and survivors were pulled from the devastation 
that remained, the death toll mounted. Few families escaped 
the grief of lost loved ones, as 40 percent of the town of 
Murphysboro was leveled and 234 people were killed.” 


The devastating tornado described in our opening cut 
a mile-wide path for a distance of more than 200 miles 
through the states of Missouri, Illinois, and Indiana. It 
totally obliterated 4 towns, killed an estimated 695 
persons, and left over 2,000 injured. Tornadoes such 
as these, as well as much smaller ones, are associated 
with severe thunderstorms. Consequently, we will 


*This introduction is written in memory of the author's wife's great 
aunt and great uncle, Arthur and Ella Flatt, who lost their lives in 
the tri-state tornado outbreak on March 18, 1925. 
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first examine the different types of thunderstorms. 
Later, we will focus on tornadoes, examining how and 
where they form, and why they are so destructive. 


WHAT ARE THUNDERSTORMS? 


It probably comes as no surprise that a thunderstorm is 
merely a storm containing lightning and thunder. 
Sometimes it produces gusty surface winds with 
heavy rain and hail. The storm itself may be a single 
cumulonimbus cloud, a cluster of them, or even a line 
of clouds that in some cases extends for more than 100 
km (62 mi). . 

The birth of a thunderstorm occurs when warm, 
humid air rises in an unstable environment. The trig- 


ger needed to. start air moving upward may be the un- | 


equal heating of the surface, the. effect of terrain, or the 
lifting of warm air along a frontal zone. Diverging 


upper-level winds-also provide a favorable region for - 
thunderstorm development, as they tend to draw air ` 
upward beneath them. Usually, several of these mech- 


anisms work together to generate severe thunder- 
storms. 

. Scattered thunderstorms that form in summer are 
often referred to as air-mass thunderstorms because 
they tend to develop in warm, maritime tropical air 
masses away from weather fronts. These storms are 
usually short-lived and rarely produce strong winds 
and large hail. On the other hand, the severe thunder- 
storms that form in a long line may produce high 
winds, flash. floods, damaging hail, and even tor- 
nadoes. Let's :examine the air-mass thunderstorms 
- first.. | eE 
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FIGURE 16.1 - The life evap of an air-mass thunderstorm that is nearly 
stationary. (Arrows show vertical air currents.) - 


HI AIR-MASS THUNDERSTORMS 


Extensive studies carried out during the 1940s 
showed that thunderstorms go through a cycle of de- 
velopment from birth, to maturity, to decay. The first - 
stage is known as the cumulus stage. As humid air 
rises, it cools and condenses into a single cumulus 


cloud or a cluster of clouds (Fig. 16.1). If you have ever 


watched -a thunderstorm develop, you may have 


noticed that at first the cumulus clouds grow upward 
only a short distance, then they dissipate. This is be- 
cause the cloud droplets evaporate as the drier air sur- 
rounding the cloud mixes with it. However, after the . 


. water drops evaporate, the air is more moist than be- 


fore. So, the rising air is now able to condense at suc- 
cessively higher levels, and the cumulus cloud grows 
taller, often appearing as a rising dome or tower. 

As the cloud builds, the transformatién of water 
vapor into liquid or solid cloud particles releases large 
quantities of latent heat. This keeps the air inside the 
cloud warmer than the air surrounding it. The cloud 
continues to grow in the unstable air as long as it is 
constantly fed by rising air from below. In this man- 
ner, a cumulus cloud may show extensive vertical de- 
velopment in just a few minutes. During the cumulus 
stage, there is insufficient time for precipitation to 
form, and the updrafts keep water droplets and ice 
crystals suspended within the cloud. Also, there is no 
lightning or thunder during this stage. 

As the cloud builds’ well above the freezing level, 
the cloud particles grow larger. They also become 
heavier; eventually, the rising air is no longer able to 
keep them suspended, and they begin to fall. While 
this phenomenon is taking place, drier air from 
around the cloud is being drawn into it in a process 
called entrainment. The entrainment of drier air 
causes some of the raindrops to evaporate, which 
chills the air. The air, now being colder and heavier 
than the air around it, begins to descend as a down- 
draft. The downdraft may be enhanced as falling pre- 
cipitation drags some of the air along with it. — 

The downdraft and updraft within the cloud consti- 
tute a cell. In most storms, there are several cells, each - 
of which may last for half an hour or so. The appear- 
ance of the downdraft and the storm cell marks the be- 
ginning of the mature thunderstorm. 

` During its mature stage, the thunderstorm is most 
intense. The top of the cloud, having reached the 
stable stratosphere, begins to take on the familiar anvil 
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FIGURE 16.2 Adissipating thunderstorm. Most of the cloud particles in the lower half of the storm 
have evaporated. Only the cirrus anvil stands out as a distinguishing feature. 


shape, as strong upper-level winds spread the cloud’s 
ice crystals horizontally. The cloud itself may extend 
upward to an altitude of over 12 km (40,000 ft) and be 
several kilometers in diameter near its base. Updrafts 
and downdrafts reach their greatest strength in the 
middle of the cloud, creating severe turbulence. Light- 


ning and thunder are also present. Heavy rain (and oc- 


casionally small hail) falls from the cloud. The rainfall 
may or may not reach the surface, depending on the 
relative humidity beneath the storm. In the dry air of 
the desert southwest, for example, a mature air-mass 
thunderstorm may look ominous and contain all of the 
ingredients of any other storm, except that the rain- 
drops evaporate before reaching the ground. 

About fifteen minutes to half an hour after the storm 
enters the mature stage, it begins to dissipate. The dis- 
sipating stage occurs when downdrafts form through- 
out the cloud. Deprived of its rich supply of warm, 
humid air, cloud droplets no longer form. Light pre- 
cipitation now falls from the cloud, accompanied by 
only weak downdrafts. As the storm dies, the lower- 
level cloud particles evaporate rapidly, sometimes 
leaving only the cirrus anvil as the reminder of the 
once mighty presence (Fig. 16.2). 


A single air-mass thunderstorm may go through 
these three stages in an hour or less. The reason it does 
not last very long is that the storm’s own precipitation 
enhances the downdrafts that cut off the storm’s fuel 
supply by destroying the humid updrafts. Hence, the 
storm tends to collapse on itself. 

Not only do these storms produce summer rainfall 
for a large portion of the United States but they also 
bring with them momentary cooling after an oppres- 
sively hot day. The cooling comes during the mature 
stage, as the downdraft reaches the surface in the form 
of a blast of welcome relief. Sometimes, the air temper- 
ature may lower as much as 10°C (18°F) in just a few 
minutes. Unfortunately, the cooling effect is short- 
lived, as the downdraft diminishes or the thunder- 
storm moves on. In fact, after the storm has ended, the 
air temperature usually rises; and as the moisture from ~ 
the rainfall evaporates into the air, the humidity in- 
creases, sometimes to a level where it actually feels 
more oppressive after the storm than it did before. 

Upon reaching the surface, the cold downdraft has 
another effect. It may force warm, moist surface air up-. 
ward. This rising air then condenses and gradually 
builds into a new thunderstorm. Thus, it is entirely 
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FIGURE 16.3 Amulticell storm. This stormis composed ofa series of cells insuccessive stages of 
growth. The thunderstorm in the middle is in its mature stage, with a well-defined anvil. Heavy rainis 
falling from its base. To the right of this cell, a thunderstorm is in its cumulus stage. To the left, a 
well-developed cumulus congestus cloud is about ready to become a mature thunderstorm. 


FIGURE 16.4 Surface heating and lifting of air along a sea breeze combine to form thunderstorms 
almost daily during the summer in southern Florida. AÑ 


possible for a series of thunderstorms to grow ina line, 
one next to the other, each in a different stage of de- 
velopment. (See Fig. 16.3.) Thunderstorms that form 
in this manner are termed multicell storms. Most air- 
mass thunderstorms are multicell storms, as are most 
severe thunderstorms. l 

There are many thunderstorms that form in re- 
sponse to forced lifting, such as a frontal boundary 
(frontal thunderstorms), a mountain range (oro- 
graphic thunderstorms), or along the leading edge of a 
sea breeze (Fig. 16.4). Most of these thunderstorms are 
not severe, and their life cycle can be described in 
much the same way as the air-mass storms. 


“i SEVERE THUNDERSTORMS 


Severe thunderstorms are capable of producing large 


hail, strong, gusty surface winds, flash floods, and tor- 


nadoes.* Just as the air-mass thunderstorm, they form — 


as moist air is forced to rise into unstable air. But, se- 
vere thunderstorms also form in areas with a strong 
vertical wind shear. This causes the updraft to tilt in 
the mature stage. 

Figure 16.5 is a model depicting the air motions 
within a severe thunderstorm. The storm is moving 
from left to right. Strong winds aloft cause the system 
to tilt so that the updrafts move up and over the down- 
drafts. This is very important to the development, con- 
tinued existence, and propagation of the system. 
When the precipitation becomes too heavy for the up- 
drafts to support, it falls into the downdrafts rather 
than into the updrafts, as in the air-mass thunder- 
storm. Hence, the updrafts remain strong and do not 
dissipate. Because the updrafts flow unabated, they 
are capable of obtaining speeds of more than 50 knots. 

The updrafts may be so strong that the cloud top is 


- able to intrude well into the stable stratosphere, a con- 


dition known as overshooting. (See Fig. 16.6.) In some 
cases, the top of the cloud may extend to more than 18 


-km (60,000 ft) above the surface. The violent updrafts 


keep hailstones suspended in the cloud long enough 
for them to grow to considerable size. Once they are 


À 


large enough, they either fall out the bottom of the 


cloud with the downdraft or a strong updraft may toss 


*The National Weather Service defines a severe thunderstorm as 
having %-inch hail and/or wind gusts of 50 knots. 
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FIGURE 16.5 A simplified model describing air motions and other 
features associated with a severe thunderstorm. The seventy depends 


_ on the intensity of the storm’s circulation pattem. 


them out the side of the cloud, or even from the base of 
the anvil. Aircraft have actually encountered hail in 
clear air several kilometers from a storm. Also, strong 
downdrafts within the upper part of the cloud may 
produce beautiful mammatus clouds. 

- When we look more closely at the lower half of a se- 
vere thunderstorm (Fig. 16.7), we see that the down- 
draft is fed by surrounding drier air being entrained 
into the system. As some of the falling precipitation 
evaporates, it cools the air and actually produces the 
downdraft. The cool air that reaches the ground acts 
like a wedge, forcing warm, moist surface air up into 
the system. Thus, the downdraft helps to maintain the 
updraft and vice versa, so that the severe thunder- 
storm is able to maintain itself —for many hours in 
some Cases. 


THE GUST FRONT AND MICROBURST Look at Fig. 16.7 
again and notice that the downdraft spreads laterally 
after striking the ground. The boundary separating 
this cold downdraft from the warm surface air is 
known as a gust front. To an observer on the ground, 
the passage of the gust front resembles that of a cold 


front. During its passage, the wind shifts and becomes 


strong and gusty, with speeds occasionally exceeding 
55 knots; temperatures drop sharply and, in the cold 
heavy air of the downdraft, the surface pressure rises. 
Sometimes it may jump several millibars, producing a 


‘small area of high pressure called a mesohigh (mean- 


ing mesoscale high). The cold air may linger close to 


the ground for several hours, well after the thunder- 
' storm activity has ceased. 


Along the leading edge of the gust front, the air is 
quite turbulent. Here, strong winds can pick up loose 


| dust and soil and lift them A cloud 
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FIGURE 16. 6 Rising air currents within this thunderstorm are causing these bulging clouds ú 
to extend above the storm's anvil top. This storm, photographed at about 11 km (36,000 ft) 

above southern Michigan during July, 1989, produced high ye and heavy rain at the 

surface. 
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varm, air rises a ‘along the forward edge of 
gut PA ] ¿ha d (also called an arcus cloud 
form, such as the one shown in Fig. 16.8. These clodda lownbursts. A dow rst y 
are especially prevalent when an inversion exists near de only 4 er or 7555 dico i 


the base of the thunderstorm; Sometimes the gust front | burst. In spite of its small size, an intense microburst 
forces warm, moist air £ upward, producing new thun- can induce Semaeing Minds as high as 146 lengit q 


derstorms. : a per ” 
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FIGURE 16.7 Thelowerhalfofasevere squall-line-type thunderstorm `- Th RA a S respor ) 
and some of the features associated with it. i -age once B e ario a micro- 


burst from an intense thunderstorm slammed into a 
skyway gondola at Disneyland during April, 1983, 
stranding scores of terrified visitors on the ride as they 
swayed back and forth high above the amusement 
park. Figure 16.10 shows what it is like to look up into 


the clouds of a microburst. 


Microbursts and their accompanying wind shear— 
rapid changes in wind speed or wind direction—ap- 
pear to be responsible for several airline crashes. 
When an aircraft flies through a microburst, it first en- 
counters a headwind that generates extra lift. How- 
ever, in a matter of seconds, the headwind is replaced 
by a tailwind that causes a sudden loss of lift and a 
subsequent decrease in the performance of the air- 
craft. One accident attributed to a microburst occurred 
at New Orleans’ Moisant International Airport during 


July, 1982. Shortly after takeoff a Boeing 727, flying be- 


neath a thunderstorm, apparently flew directly into a 
microburst, lost altitude, and crashed, killing all 145 
persons aboard. More recently, wind shear associated 
with an intense microburst during April, 1985, appar- 
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FIGURE 16.8 Adramatic example of a roll clou 
photograph was taken in the Philippines as the t 
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ently caused the crash of a jumbo jet north of Dallas— 
Fort Worth Regional Airport. Just as the aircraft was 
making its final approach, it encountered severe wind 
shear beneath a small, but intense thunderstorm. The 
aircraft then dropped to the ground and crashed in a 
spectacular fireball, killing over 100 passengers. 

To better predict the hazardous wind shear associ- 
ated with microbursts, a new and improved ground- 
based wind-shear detection system called LLWAS (for 
Low-Level Wind Shear Alert System) was installed at 
Denver’s Stapleton Airport during the summer of 
1987. The system utilizes surface wind speed and di- 
rection sensors to measure the presence of wind shear 
over the airport. The system averted what might have 
been a major disaster when, on July 8, 1989, just as 
three commercial aircraft were descending toward the 
airport, it detected a microburst of 35 knots over the 
runway that intensified to 95 knots within several 
minutes. Because LLWAS is so successful, other air- 
ports are being equipped with this wind shear warn- 


ing system. 


Le Y 


d associated with a severe thunderstorm. The 
hunderstorm approached from the northwest. 
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FIGURE 16.9 Dust clouds rising in response to the outburst winds of a microburst north of Denver, 
Colorado. 


| 


Studies conducted in the early 1980s at Denver's 
Stapleton Airport (JAWS, Joint. Airport Weather 
Studies) and in the 1970s near Chicago, Illinois (NIM- 
ROD, Northern Illinois Meteorological Research On 


Downbursts), suggest that the leading edge of a micro- ' 


burst can contain an intens rizontally rotating vor- 
tex that is often filled with d in a relatively dry re- 
gion. At Denver, many microbursts emanate from 
virga—rain falling from a Cloud but evaporating be- 
fore reaching the ground. Apparently, in these “dry” 
microbursts, evaporating rain cools the air. The 
cooler, heavy airthen plunges downward through the 
warmer, lighter air below. However, some microbursts 
are warm. As the descending air warms by compres- 
sion, the falling rain is apparently unable to evaporate 
fast enough: to keep the downflow cool and saturated. 


In humid regions, many microbursts are “wet” i in that 


they are accompanied by blinding rain. 


Microbursts can be associated with severe nada | 
storms, producing strong, damaging winds. But . 
studies show that they can also occur with clouds that 


produce only isolated showers—clouds that may or 
may not contain thunder and lightning. 


SUPERCELL AND SQUALL-LINE THUNDERSTORMS 
are two main types of severe thunderstorms: the 
supercell storm and the squall line. The supercell 
storm is an enormous thunderstorm whose updrafts 
and downdrafts are so sufficiently in balance that it is 
able to maintain itself as a single entity for hours on 
end. Figure 16.11 shows a supercell storm in eastern 


Colorado. It is this type of storm that produces tor- 


nadoes and destructive hail. 

The squall line forms as a line of thunderstorms. 
Sometimes they are right along a cold front, but more 
often they are 100 to 300 km out ahead of it. These pre- 


- frontal squall-line thunderstorms may be caused by 
“air aloft flowing over the cold front and developing 
“into waves, much like the waves that form downwind 


of mountain chains. Notice in Fig. 16.12 that the 
downward-moving part of the wave inhibits cloud for- 
mation, while the rising part, about 100 km from the 


There _ 
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microburst emanating from these clouds over northern 


FIGURE 16.10 Peeringinto amicroburst. A 
Imto over 40 knots in less than 2 minutes. 


Califomia caused surface winds to increase from nearly ca 
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derstorm. This awesome storm dumped hail the size of golf balls 


FIGURE 16.11 A supercell thun 
rtions of eastern Colorado. 


and more than 5 centimeters (2 in.) of rain over po 
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FIGURE 16.12 Squall-line thunderstorms may form ahead of an 
advancing cold front as the upper-air flow develops waves downwind 
from the cold front.” BE 


| cold front, ATE uplift. Iti is ia that clouds and thun- 


derstorms form in unstable air. 

Another possible cause of the prefrontal squall-line 
thunderstorm is shown in Fig. 16.13. The map shows 
conditions that lead to severe thunderstorms over the 
Central Plains, especially during the spring. A devel- 
oping .midlatitude cyclone forms as an open wave 


with a cold front, a warm front, and three distinct air B 


masses. Behind the cold front, cold, dry cP air pushes 
in from the north. In the warm sector, ahead ofthe cold 


front, warm, dry cT air moves in from the southwest. .. 


Further east, warm but very moist mT air moves north- 


ward from the Gulf of Mexico. Along the cold front— —_ 
where cold, dry air replaces warm, dry air—there is. 


insufficient moisture for thunderstorms to form. How: 
ever, in the warm sector, where the more-dense dry air 
encounters the less-dense moist air, convergence and 
lifting o occur. Tt is Bis this boundary (called a dry 


FIGURE 16.13 Surface weather conditions 
favorable for the generation of Jen) 
severe thunderstorms. 


Cold, dry air E 


E D 


line) that squall-line thunderstorms form. Once these 
thunderstorms develop, the outflow of cold air along 
the ground initiates the uplift necessary for generating 
new (possibly more severe) thunderstorms. 

Severe thunderstorms are often associated with 
flash floods—floods that rise rapidly with little or no 
advance warning. Such flooding often results when 
severe thunderstorms stall ormove very slowly, caus- 
ing intense rainfall over a relatively small area. In re- 
cent years, flash floods have claimed an average of 
more than 100 lives a year and have accounted for un- 
told property and crop damage. One such storm raged 
through eastern Ohio during June, 1990, taking the 


- lives of dozens of people and causing damage in the 


millions of dollars. (An example of a terrible flash 
flood that took the lives of more than 135 people is 
given in the Focus section on p. 418.) 


` MESOSCALE CONVECTIVE COMPLEXES Where condi- 


tions are favorable for convection, a number of indi- 
vidual thunderstorms will occasionally grow in size 
and organize into a large convective weather system. 
These convectively driven systems, called Mesoscale 
Convective Complexes (MCCs), are quite large—they 


‘can be as much as 1000 times larger than an individual 


air-mass thunderstorm. In fact, they are often large 


- enough to cover an entire state, an area in excess of 


100,000 km? (Fig. 16.14). 
Within the MCC, the individual thunderstorms ap- 
parently work together to generate a long-lasting 


NS 


FIGURE 16.14 Anenhanced 
infrared satellite picture for June 22, 
1981, which shows a Mesoscale 
Convective Complex extending 
from central Kansas across 
western Missouri. This organized 
mass of thunderstorms brought 
hail, heavy rain, and flooding to this 
area. 


weather system that moves slowly (normally less than 
20 knots) and often exists for periods exceeding 12 
hours. The circulation of the MCC supports the growth 
of new thunderstorms as well as a region of wide- 
spread precipitation. These systems are beneficial, as 
they provide a significant portion of the growing sea- 
son rainfall over much of the corn and wheat belts of 
the United States. However, MCCs can also produce a 
wide variety of severe weather, including hail, high 
winds, destructive flash floods, and tornadoes. 
Incidentally, there are a variety of Mesoscale Con- 
vective Systems (MCS) that have many of the charac- 
teristics of an MGC, but do not last as long nor grow as 
large. i 


THUNDERSTORM MOVEMENT Most thunderstorms 
move roughly in the direction of the winds in the mid- 
- dle troposphere. In some cases, however, a multicell 
- storm over the central United States will take a pecu- 
liar path: Individual cells will move with the wind, 


_ SEVERE THUNDERSTORMS 417 


while the thunderstorm itself will move to the right of 
the wind. We will be able to understand this if we take 
a closer look at the weather conditions necessary for 
the development of severe storms. | 
Severe thunderstorms form over the central states 
when warm, moist surface air streaming northward 
from the Gulf of Mexico lies beneath drier southwest- 
erly (or westerly) winds aloft. This unstable air gener- 
ates severe thunderstorms, such as the one forming in 
Fig. 16.15. Warm, humid surface air fuels the storm, so 
that it is able to grow into a huge multicell storm. As 
the storm matures, it begins to deprive areas to its 
north of the warm, humid surface air that is necessary 
for new thunderstorm growth. As the upper-level 
winds steer the storm toward the northeast, the 
storm’s own downdraft pushes out its southern side, 
forcing moist air to rise and form new cells. Mean- 
while, the old cell to the north, being deprived of its 
moisture, gradually dissipates. Therefore, as new cells 
form on the southern side of the thunderstorm, old 


cells to the north slowly die out, and the entire mul- 


July 31, 1976, was like any other summer: 
- day in the Colorado Rockies, as small 


cumulus clouds with flat bases and 
dome-shaped tops began to develop 
over the eastem slopes near the Big 
Thompson and Cache La Poudre rivers. 
At first glance, there was nothing unusual 
about these clouds, as almost every 
summer afternoon they form along the 
warm mountain slopes. Normally, strong 
upper-level winds push them over the ` 
plains, causing rainshowers of short 
duration. But the cumulus clouds on this 
day were different. For one thing, they _ 
were much lower than usual, indicating 
that the southeasterly surface winds were 
bringing in a great deal of moisture. Also, 


_ their tops were somewhat flattened, 


suggesting that an inversion aloft was 
stunting their growth. But these harmless- 


| ¿looking clouds gave no clue that later that 


evening in the Big Thompson Canyon 
more than 135 people would lose their 


“fives ina terrible flash flood. i 
-` By late afternoon, a few of the cumulus’ ` 


clouds were able to puncture the 
inversion. Fed by moist southeasterly 
winds, these clouds soon developed into 
spectacular supercell thunderstorms with 
tops exceeding 18 km (60,000 ft). By early 
evening, these same clouds were 
producing incredible downpours inthe 
mountains. ` 

In the narrow canyon of the Big 


_ Thompson River, some places received 


as much as 30.5 cm (12 in.) of rain in the 
four hours between 6:30 P.M. and 10:30 
P.M. local time. This is an incredible 


amount of precipitation, considering that — 


the area normally receives about 40.5 cm 
(16 in.) for an entire year. The heavy 
downpours tumed small creeks into 
raging torrents, and the Big Thompson 
River was quickly filled to capacity. Where 
the canyon narrowed, the river overflowed 


its banks and water covered the road. The . 
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TERRIFYING FLASH FLOOD IN THE BIG THOMPSON CANYON 


Mountains 


FIGURE 1 Weather conditions that led to the development of severe thunderstorms that 
remained nearly stationary over the Big Thompson Canyon in the Colorado Rockies. The 
arrows within the thunderstorm represent air motions. 


relentless pounding of water caused the 
road to give way. 


Soon cars, tents, mobile homes, resort 
homes, and Campgrounds were being - 
claimed by the river. Where the debris . 
entered a narrow constriction, it became a 


+ dam. Water backed up behind it, then 


broke through, causing a wall of water to 
rush downstream. Of the approximately 
2000 people in the canyon that evening, 
over 135 lost their lives. Property damage 
exceeded $35.5 million. 

Figure 1 shows the weather conditions 
during the evening of July 31, 1976. A 
cool front moved through earlier in the day 
and is south of Denver. The weak - 
inversion layer associated with the front 
kept the cumulus clouds from building to 
great heights earlier in the afternoon. . 
However, the strong southeasterly flow ` 
behind the cool front pushed unusually . _ 
moist air upslope along the mountain 
range. Heated from below, the condition- 
ally unstable air eventually punctured the 
inversion and developed into severe 


supercell thunderstorms. These remained 
nearly stationary for several hours due to 
the weak southerly winds aloft. The 
deluge may have deposited 19 cm (7.5 in.) 
of rain on the main fork of the Big 
Thompson River in about one hour. 

The flash floods associated with such 
severe thunderstorms occur with 
unpleasant frequency. On June 9, 1972, a 
destructive flood occurred at Rapid City, 


South Dakota. The weather conditions 


were very similar to those that caused the 


- Big Thompson flood. A slowly moving 


cold front was situated to the south of 
Rapid City, with moist easterly winds 


behind it. Winds aloft were weak, so the 


severe thunderstorms moved slowly. 
Although there are other similarities 
between the two storms, we will not 
examine them here. However, a 
meteorologist, recognizing these 
conditions, would be able to alert a 
community to the probability of a flash 
flood and, hopefully, save many lives. 


FIGURE 16.15 The formation of multicell 
thunderstorms that move to the right of the 
upper-level winds. The developing cell is 
steered to the northeast by the flow aloft. 
Downdrafts within the storm generate a new 
cell to the south. The new cell, which grows 
into a mature thunderstorm, cuts off the 
supply of moisture to the old cell, and so it 
dissipates. This entire sequence shows cells 
drifting to the northeast, while the whole 
thunderstorm moves slightly to the right of the 
upper-level winds. 


ticell thunderstorm moves to the right of the general 
wind flow.* i 


% DISTRIBUTION OF THUNDERSTORMS 


It is estimated that more than 40,000 thunderstorms 
occur each day throughout the world. Hence, over 14 
million occur annually. The combination of warmth 
and moisture make equatorial land masses especially 
conducive to thunderstorm formation. Here, thunder- 
storms occur on about one out of every three days. 
Thunderstorms are also prevalent over water along the 
ITCZ, where the low-level convergence of air helps to 
initiate uplift. The heat energy liberated in these 
storms helps the earth maintain its heat balance by 
distributing heat poleward (see Chapter 12). Thunder- 
storms rarely occur in dry climates, such as the polar 
regions and the desert areas of the subtropical highs. 
Figure 16.16 shows the average number of days each 
year having thunderstorms in various parts of the 
United States. Notice that they occur most frequently 
in the southeastern states along the Gulf Coast with a 
maximum in Florida. A secondary maximum exists 


over the central Rockies. The region with the fewest _ 


*Some storms move to the left of the upper-level winds. Others 
have actually split into two storms: one that moves to the right and 
the other to the left. No attempt will be made here to try and explain 
these different types of movement. 


1 Developing cell 
2 Mature thunderstorm 
3 Dissipating thunderstorm 


Warm, moist surface air 
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thunderstorms is the Pacific coastal and interior 
valleys. i i 

In many areas, thunderstorms form primarily in 
summer during the warmest part of the day when the 
surface air is most unstable. There are some excep- 
tions, however. During the summer in the valleys of 
central and southern California, dry, sinking air pro- 
duces an inversion that inhibits the development of 
towering cumulus clouds. In these regions thunder- 
storms are most frequent in winter and spring, partic- 


FIGURE 16.16 The average number of days each year on which 
thunderstorms are observed throughout the United States. (Due to the 
scarcity of data, the number of thunderstorms is underestimated in the 
mountainous west.) 
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FIGURE 16.17 Theaverage number of days each year on which hailis 


observed throughout the United States. 


ularly when cold, moist, unstable air aloft moves over 


moist, mild surface air. The surface air remains rela- . 


tively warm because of its proximity to the ocean. 
Over the Central Plains states, thunderstorms tend to 
form more frequently at night. This may be caused by 
the position of the low-level southerly jet stream that 
we described in Chapter 12. This southerly wind, 
which forms at night, not only carries humid air north- 
ward but also produces areas of surface convergence, 
which help ‘to trigger uplift and, hence, thunder- 
storms. Another cause of the nighttime thunderstorms 
may be the downslope flow of air from the mountains, 
which also causes convergence and uplift. 


- At this point it is interesting to compare Fig. 16.16. 


and Fig. 16.17. Notice that, even though the greatest 
frequency of thunderstormsis near the Gulf Coast, the 
greatest frequency of hailstorms is over the western 
Great Plains. One reason for this is that conditions 
over the Great Plains are more favorable to the de- 
velopment of severe thunderstorms. We also find that, 
in summer along the Gulf Coast, a thick layer of warm, 


moist air extends upward from the surface. Most hail- 


stones falling into this layer will melt before reaching 
the surface. Over the plains, the warm surface layer is 
much shallower and drier. Falling hailstones do begin 
to melt, but the water around their periphery quickly 


evaporates in the dry air. This cools the hailstones and: 


slows the melting rate so that many survive as ice all 
the way to the surface. - E 


Now that we have looked at the development and: 
distribution of thunderstorms, we are ready to exam- 


ine an interesting, though yet not fully understood, as- 
pect of all thunderstorms—lightning. 


E LIGHTNING AND THUNDER 


Lightning is simply a discharge of electricity, a giant 


spark, which occurs in mature thunderstorms. Light- 
ning may take place within a cloud, from one cloud to 
another, from a cloud to the surrounding air, or from a 
cloud to the ground. (The majority of lightning strikes 
occur within the cloud, while only'about 20 percent or 
so occur between cloud and ground.) The lightning 
stroke can heat the air through which it travels to an 
incredible 30,000°C (54,000°F). This extreme heating 
causes the air to expand explosively, thus initiating 
a shock wave that becomes a booming sound wave—, 
called thunder—that travels outward in all directions 
from the flash. 


Light travels so fast that we see light instantly after a 4 4 


lightning flash. But the sound of thunder, traveling at 
only about 330 m/sec (1100 ft/sec), takes much longer, 


. to reach the ear. If we start counting seconds from the 


moment we see the lightning until we hear the thun- 
der, we can determine how far away the stroke is. Be- 


cause it takes sound about 3 seconds to travel 1 kilo-’ 


meter (5 seconds for each mile), if we see lightning and 
hear the thunder 15 seconds later, the lightning stroke 
occurred 5 km (3 mi) away. ` ——; 
When the lightning stroke is very close—100 m 
(330 ft) or less—thunder sounds like a clap or a crack 
followed immediately by a loud bang. When it is 
farther away, it often rumbles. The rumbling can be 
due to the sound emanating from different areas of the 
stroke. Moreover, the rumbling is accentuated when 
the sound wave reaches an observer after having 
bounced off obstructions, such as hills and buildings. 
In some instances, lightning is seen but no thunder 
is heard. Does this mean that thunder was not pro- 
duced by the lightning? Actually, there is thunder, but 


the atmosphere refracts (bends) and attenuates the 
sound waves, making the thunder inaudible. Sound 


travels faster in warm air than in cold air.* Because 
thunderstorms form in unstable air, where the temper- 
ature normally drops rapidly with height, sound 
waves usually travel faster in the warm air near the 


*The speed of sound in calm air is equal to 20V T, where Tis the air 
temperature in Kelvins. Also, when everything else is the same, the 
speed of sound increases with increasing wind speed. ` 
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FOCUS ON AN APPLICATION 


Mos 


- DON'T SIT UNDER THE 
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Because a single lightning stroke may 
involve a current as great as 100,000 
amperes, animals and humans can be 
electrocuted when struck by lightning. 
The average yearly death toll in the United 


- States attributed to lightning is nearly 100, 


with Florida accounting for the most 
fatalities. Many victims are struck in open 
places, riding on farm equipment, playing 
golf, or sailing in a small boat. Some live to 
tell about it, as did the champion golfer 
Lee Trevino and the former Shenandoah 
National Park ranger Roy “Dooms” ' 
Sullivan, who was struck seven times and 
dubbed “the lightning conductor of 
Virginia” by the Guinness Book of World 
Records. Others are less fortunate. When 


immediately give CPR (cardiopulmonary 
resuscitation), as lightning normally leaves 
its victims unconscious and stops their 
breathing. 

The largest single location of lightning 
fatalities is in the vicinity of relatively 
isolated trees. Because a positive charge 
tends to concentrate in upward projecting 
objects, the upward return stroke that 
meets the stepped leader is most likely to 
originate from such objects. Clearly, 
sitting under a tree during an electrical 
storm is not wise. What should you do? 

When caught in a thunderstorm, the 
best protection, of course, is to get inside 
a building. Automobiles and trucks (but 


not golf carts) may also provide protection. 


If no such shelter exists, be sure to avoid 
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elevated places and isolated trees. If you 
are on leve! ground, try to keep your head 
as low as possible, but do not lie down. 
Because lightning channels usually 
emanate outward through the ground at 
the point of a lightning strike, a surface 
current may travel through your body and 
injure or kill you. Therefore, crouch down 
as low as possible and minimize the 
contact area you have with the ground. 
There are some waming signs to alert you 
to astrike. If your hair begins to stand on 
end, or your skin begins to tingle and you 
hear clicking sounds, beware—lightning 
may be about to strike. And ifyou are 
standing upright, you may be acting as a 
lightning rod. 


you see someone struck by lightning, 


surface and bend upward, away from an observer at 
the surface. Consequently, an observer closer than 
about 5 km toa lightning stroke will usually hear thun- 


OTe 


der. In addition, turbulent eddies of airless than 50 m 
in diameter scatter the sound waves. Hence, when 
thunder from a low-energy lightning flash travels sev- 
eral kilometers through turbulent air, it may become 
inaudible. 

A sound occasionally mistaken for thunder is the 
sonic boom. Sonic booms are produced when an air- 
craft exceeds the speed of sound at the altitude at 
which it is flying. The aircraft compresses the air, 
forming a shock wave that trails out as a cone behind 
the aircraft, Along the shock wave, the air pressure 
changes rapidly over a short distance. The rapid pres- 
sure change causes the distinct boom. (Exploding fire- 
works generate a similar shock wave and a loud bang.) 

What causes lightning? The normal fair weather 


electric field of the atmosphere is characterized by a 


negatively charged surface and a positively charged 
upper atmosphere. For lightning to occur, separate re- 
gions containing opposite electrical charges must | 
exist within a cumulonimbus cloud. Exactly how this 
charge separation comes about is not totally compre- 
hended; however, there are many theories to account 
for it. 


ELECTRIFICATION OF CLOUDS One popular theory 
proposes that clouds become electrified as graupel 
and hail fall through a region of supercooled droplets 
and ice crystals. As liquid droplets collide with a 
hailstone, they freeze on contact and release latent 
heat. This keeps the surface of the hailstone warmer 
than that of the surrounding ice crystals. When the 
warmer hailstone comes in contact with a colder ice 
crystal, an important phenomenon occurs: There is a 
net transfer of positive ions from the warmer object to- 
the colder object. Hence, the hailstone becomes nega- 
tively charged and the ice crystal positively charged, 
as the positive ions are incorporated into the ice. The 
same effect occurs when colder supercooled droplets 
freeze on contact with a warmer hailstone and tiny 
splinters of positively charged ice break off. These 
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FIGURE 16. 18 The AS chege distribution i ina mature 
pinaesan. — 


lighter, positively charged particles are then carried to 


the upper part of the cloud by updrafts. The larger 
hailstones, left with a negative charge, fall toward the 
bottom of the cloud. By this mechanism, the cold 
upper part of the cloud becomes positively charged, 


- while the middle of the cloud becomes negatively 


charged. The lower part of the cloud i: is generally of 
negative and mixed charge except for an occasional 
positive region located in the falling OS 
near the melting level. (See Fig. 16.18.) 


THE LIGHTNING STROKE Because unlike charges at- 
tract one another, the negative charge at the bottom of 
the cloud causes a region of the ground beneath it to 
become positively charged. As the thunderstorm 
moves along, this region of positive charge follows the 


- cloud like a shadow. The positive charge is most dense 


on protruding objects, such as trees, poles, and build- 
ings. The difference in charges causes an electric po- 
tential between the cloud and ground, which may be 
10,000 volts per meter. In dry air, however, a flow of 
current does not occur because the airis a good electri- 
cal insulator. Gradually, the electrical potential 
builds, and when the electric field becomes suffici- 


ently large, the insulating properties of the air break 


* down, a current flows, and lightning occurs. 


Cloud-to-ground lightning begins within the cloud 


when the localized electric field exceeds 3 million 


volts per meter along a path perhaps 50 meters long. 
This situation causes a discharge of electrons to rush 
toward the cloud base and then toward the ground in 
a series of steps. Each discharge covers about 50 to 
100 m, then stops for about 50-millionths of a second, 
then occurs again over another 50m or so. This 
stepped leader is very faint and is usually invisible to 
the human eye. As the tip of the stepped leader ap- 
proaches the ground, the potential gradient (the volt- 
age per meter) increases, and a current of positive 
charge starts upward from the ground (usually along 
elevated objects) to meet it. After they meet, large 
numbers of electrons flow to the ground and a much 
larger, more luminous return stroke several centime- 
ters in diameter surges upward to the cloud along thé 
path followed by the stepped leader. Hence, the down- 
ward flow of electrons establishes the bright channel 


of upward propagating current. Even though the ' 


bright return stroke travels from the ground up to the 
cloud, it happens so quickly—in "0,000 of a second—’ 
that our eyes cannot resolve the motion, and we see 
what appears to be a continuous bright flash of light. 
(See Fig. 16.19.) 


Sometimes there is only one lightning stroke, but 


more often the leader-and-stroke process is repeated 
in the same ionized channel at intervals of about a 
tenth of a millionth of a second. The subsequent 
leader, called a dart leader, proceeds from the cloud 
along the same channel as the original stepped leader; 
however, it proceeds downward more quickly be- 
cause the electrical resistance of the path is now 


lower. As the leader approaches the ground, normally 


a less energetic return stroke than the first one travels 
from the ground to the cloud. Typically, a lightning 
flash will have three or four leaders, each followed by 
a return stroke. A lightning flash consisting of many 
strokes (one photographed flash had 26 strokes) usu- 
ally lasts less than a second. During this short period 
of time, our eyes may barely be able to perceive the in- 


dividual strokes, and the flash appears to flicker. (For 


additional information on the various forms of light- 
ning, read the Focus section on p. 424.) 
Lightning rods are placed on buildings to protect 
them from lightning damage. The rod is made of metal 
and has a pointed tip, which extends well above the 


/ 


Tulsa, Oklahoma, during May, 1987. The 


FIGURE 16.19 Time exposure of lightning in 


bright flashes are retum strokes. The lighter 
forked flashes probably are dart leaders 
propagating down new channels. 


structure. (See Fig. 16.20.) The positive charge con- 
centration will be maximum on the tip of the rod, thus 
increasing the probability that the lightning will strike 
the tip and follow the metal rod harmlessly down into 
the ground, where the other end is deeply buried. 


LIGHTNING DETECTION AND SUPPRESSION For many 
years, lightning strokes were detected primarily by 
visual observation. Today, cloud-to-ground lightning 
is located by means of an instrument called a lightning 
detection-finder, which works by detecting the radio 
waves produced by lightning. Such waves are called 
sferics, a contraction from their earlier designation, at- 
mospherics. A web of these magnetic devices is a valu- 
able tool in pinpointing lightning strokes in forested 
regions throughout the western United States, Can- 
ada, and Alaska. Currently, a network of these instru- 
ments is being installed along the east coast of the 
United States. Lightning detection devices allow sci- 
entists to examine in detail the lightning activity in- 
side a storm as it intensifies and moves. This gives 
forecasters a better idea where intense lightning 
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FIGURE 16.20 The lightning rod extends above the building, 
increasing the likelihood that lightning will strike the rod rather than 
some other part of the structure. After lightning strikes the metal rod, it 
follows an insulated conducting wire harmlessly into the ground. 
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and forms. (See Fig. 2.) When a dart 
leader moving toward the ground 
deviates from the original path taken by 
the stepped leader, the lightning appears 
crooked or forked, and it is called forked 
lightning. Ribbon lightning forms when the 


wind moves the ionized channel between — 


each retum stroke, causing the lightning 
to appear as a ribbon hanging from the 


Cloud. If the lightning channel breaks up, 
` Orappears to break up, the lightning looks 


like a series of beads tied to a string. The 


“actual cause of this bead lightning is not 
_ known. However, one theory proposes © 
_ that it occurs when the lightning stroke is 


partially obscured by clouds or falling rain. 


__ Ball lightning looks like a luminous sphere 
that appears to float in the air or slowly 


dart about for several seconds. Although 
many theories have been proposed, the ` 
actual cause of ball lightning remains an 


enigma: Sheet lightning forms when either 
` the lightning flash occurs inside a cloud or 


intervening clouds obscure the flash, such 


: "that a portion of the cloud (or clouds) 
~ appears as a luminous white sheet. 


Distant lightning from thunderstorms that 


_ is seen but not heard is commonly called 


heat lightning because it frequently 


- occurs on hot summer nights when the 


overhead sky is clear. As the light from 
distant electrical storms is refracted 


‘through the atmosphere, air molecules 


and fine dust scatter the shorter ' 
wavelengths of visible light, often causing 


Lightning may take on a variety of shapes 
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THE VARIOUS FORMS OF LIGHTNING 


FIGURE 2 A time exposure of lightning during an intense thunderstorm. The cloud-to- 
ground discharge is forked lightning. Bright, in-cloud discharges are producing sheet 


lightning. A distant observer, unable to hear thunder, might call the illuminated sky heat 


lightning. 


| 


- heat lightning to appear orange to a 


distant observer (Fig. 2). _ 
As the electric field near the ground 


increases, a current of positive charge 


moves up pointed objects, such as 
antennas and masts of ships. However, 


instead of a lightning stroke, a luminous 


greenish or bluish halo may appear above 


< them, as a continuous supply of 


sparks—a corona discharge—is sent 


into the air. This electric discharge, which 


- can cause the top of a ship’s mast to 


glow, is known as St. Elmo’s Fire, named 
after the patron saint of sailors. St. Elmo’s 
Fire is also seen around power lines and 
the wings of aircraft. When St. Elmo's Fire 
is visible and a thunderstorm is nearby, a 
lightning flash may occur in the near 


- future, especially if the electric potential 
gradient of the atmosphere is increasing. 


strokes might be expected.* In addition, when this in- 
formation is correlated with satellite images, a more 
complete and precise structure of a thunderstorm is 
obtained. In order to monitor lightning activity con- 
tinuously over a broad area of the earth, new geosta- 
tionary satellites are likely to be equipped with a light- 
ning mapper sensor. 

Each year, approximately 10,000 fires are started by 
lightning in the United States alone and around $50 
million worth of timber is destroyed. For this reason, 
tests have been conducted to see whether the number 
of cloud-to-ground lightning discharges can be re- 
duced. One technique that has shown some success in 
suppressing lightning involves seeding a cumulonim- 


bus cloud with hair-thin pieces of aluminum about 10 


cm long. The idea is that these pieces of metal will pro- 
duce many tiny sparks, called corona discharges, and 
prevent the electrical potential in the cloud from 
building to a point where lightning occurs. While the 
results of this experiment are inconclusive, many for- 
estry specialists point out that nature itself may use a 
similar mechanism to prevent excessive lightning 
damage. The long, pointed needles of pine trees may 
act as tiny lightning rods, diffusing the concentration 


of electric charges and preventing massive lightning” 


strokes. 

Up to now, we have examined thunderstorms and 
their associated thunder and lightning. We are now 
ready to explore a product of a thunderstorm that is 
one of nature’s most awesome phenomena: the tor- 
nado, a rapidly spiraling column of air that can strike 
sporadically and violently. 


TORNADOES 


Tornadoes are rapidly rotating winds that blow 


around a small area of intense low pressure. Some- 
times called twisters or cyclones, tornadoes nearly al- 
ways begin as a funnel-shaped cloud that looks like an 
elephant’s trunk hanging from a large cumulonimbus 
cloud (Fig. 16.21). The funnel cloud is called atornado 
only after it touches the ground. When viewed from 
above, the majority of tornadoes rotate counterclock- 


*In fact, with the aid of these instruments and computer models of 
the atmosphere, the National Weather Service currently issues 
lightning probability forecasts for the western United States. 
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wise. A few have been seen rotating clockwise, but 
these are rare. 

The diameter of most tornadoes is between 100 and 
600 m, although some are just a few meters wide and 
others have diameters exceeding 1600 m (1 mi). Tor- 
nadoes that form ahead of an advancing cold front are 
often steered by southwesterly winds and therefore 
tend to move from the southwest toward the northeast 
at speeds usually between 20 and 40 knots. However, 
some have been clocked at speeds greater than 70 
knots. Most tornadoes last only a few minutes and 
have an average path length of about 7 km (4 mi). 
There are cases where they have traveled for hundreds 
of kilometers and have existed for many hours, such as 
the one that lasted over 7 hours and cut a path 470 km 
(292 mi) long through portions of Illinois and Indiana 
on May 26, 1917. 
` Each year, tornadoes take the lives of many people. 
The yearly average is about 100, although over 100 
may die in a single day. The deadliest tornadoes are 
those that occur in families; that is, different tor- 
nadoes spawned by the same thunderstorm. (Some 
thunderstorms produce a sequence of several tor- 
nadoes over two or more hours and over distances of 
100 km or more.) Tornado families usually form along 


squall lines and often constitute what is termed a tor- 


nado outbreak. One of the most violent outbreaks ever 
recorded occurred on April 3 and 4, 1974. Duringa 16- 
hour period, 148 tornadoes cut through parts of 13 
states, killing 307 people, injuring more than 6000, 
and causing an estimated $600 million in damage. 
Some of these tornadoes were among the most power- 
ful ever witnessed. The combined path of all the tor- 
nadoes during this super outbreak amounted to 4181 
km (2598 mi), well over half of the total path for an av- 
erage year. The greatest loss of life attributed to tor- 
nadoes occurred during the tri-state outbreak of March 
18, 1925, when an estimated 695 people died as 7 tor- 
nadoes traveled a total of 703 km (437 mi) across por- 
tions of Missouri, Illinois, and Indiana. In yet another 
outbreak, on Palm Sunday, 1965, more than 30 tor- 
nadoes moved through 5 midwestern states, inflicting 
great damage and killing 256 people. - 
Obviously, when a powerful tornado reaches the 
ground, it is capable of inflicting great damage on ev- 
erything in its path. Because of this, few people have 
ever witnessed the inside of a tornado and lived to tell 
about. However, Will Keller, a Kansas farmer, has. 
(His account, as told to Alonzo A. Justice of the 
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FIGURE 16.21 Tornado photographed near Tracy, Minnesota. 


Weather Service office in Dodge City, is given in the 
Focus section on p. 428.) 


TORNADO OCCURRENCE Tornadoes occur in many 


parts of the world, but n o country experiences more 
‘tornadoes than the United ap AA AA 


‘more than 700 annually. Although tornadoes have oc- . 


curred in every state, including Alaska and Hawaii, 
the greatest number occur in the “tornado belt” of the. 


Central Plains, ; which stretches from central Texas tc to 
Nebraska.* (See Fig. 16.22.) 


The ci de region is most susceptible to tor- - 


nadoes because it provides the proper « atmospheric | 
setting fo) development of the severe thunder- 
storms that spawn tornadoes. Here (especially in 
spring) warm, humid surface air is overlain by cooler, 


*Many of the tornadoes that form along the Gulf Coast are gener- ` 
ated by thunderstorms embedded within the praunen E hur- 
ricanes. 


dryer air aloft, producing an unstable atmosphere. 
When a strong vertical wind shear exists and the sur- 


*-face air is forced upward, large thunderstorms capable 


of spawning tornadoes may form. Therefore, tornado 


== @ =y 


- frequency is highest during the spring and lowest. dur- 


ing the winter when the warm surface air is absent. 

About ut three-fourths of all tornadoes in the United 
States develop from March to July. The month of May 
normally has the greatest number of tornadoes (the av- 
erage is about 5 per day) while the most violent tor- 
nadoes seem to occur ¡ in April, whe: n horizontal and 
vertical temperature and moisture contrasts are great- 
est. Although tornadoes have occurred at all times of 
the day and night, they are most frequent in the late af- 
ternoon (between 1 4:00 P.M. and 6: :00 P.M.), when the 
surface air is most unstable; they are least frequent in 
the early morning before sunrise, when the air is most 
stable. 

Although large, destructive tornadoes are most 
common in the Central Plains, they can develop any- 


where if conditions are right. For example, a series of 
at least 36 tornadoes, more typical of those that form 
over the plains, marched through North and South 
Carolina on March 28, 1984, claiming 59 lives and 
causing hundreds of millions of dollars in damage. 
One tornado was enormous, with a diameter of at least 
4000 m (2.5 mi) and winds that exceeded 200 knots. 
No place is totally immune to a tornado’s destructive 
force. On March 1, 1983, a rare tornado cut a 5-km 
swath of destruction through downtown Los Angeles, 
California, damaging more than 100 homes and busi- 
nesses and injuring 33 people. 
¿Even in the central part of the United States, the 
statistical chance that a tornado will strike a particular 
place this year is quite small. However, tornadoes can 
provide many exceptions to statistics. Oklahoma City, 
for example, has been struck by tornadoes at least 32 
times in the past 90 years. And the little town of 
Codell, Kansas, was hit by tornadoes in 3 consecutive 
years—1916, 1917, and 1918—and each time on the 
same date: May 20! Considering the many millions of 
tornadoes that must have formed during the geological 
past, it is likely that at least one actually moved across 
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the land where your home is located, especially if itis 
in the Central Plains. 


TORNADO WINDS The strong winds of a tornado can 
destroy buildings, uproot trees, and hurl all sorts of 
lethal missiles into the air. People, animals, and home 
appliances all have been picked up, carried several 
kilometers, then deposited. Tornadoes have accom- 
plished some astonishing feats, such as lifting a rail- 
road coach with its 117 passengers and dumpingitina 
ditch 25 m away. Showers of toads and frogs have 
poured out of a cloud after tornadic winds sucked 
them up from a nearby pond. Other oddities include 
chickens losing all of their feathers and pieces of straw 
being driven into metal pipes. Miraculous events have 
occurred, too. In one instance, a schoolhouse was de- 
molished and the 85 students inside were carried over 
100 m without one of them being killed. 

Our knowledge of the furious winds of a tornado 
comes mainly from observations of the damage done 
and the analysis of motion pictures. Because of the de- 
structive nature of the tornado, it was once thought 


that it packed winds greater than 500 knots. However, 
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FIGURE 16.22 Tornado incidence by state. The upper figure shows the number of tornadoes 
reported by each state during a 25-year period. The lower figure is the average annual number of 
tornadoes per 10,000 square miles. The darker the shading, the greater the frequency of tornadoes. 
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On the afternoon of June 22, 1928, | was 
out in my field with my family looking over 
the ruins of our wheat crop which had just 
been completely destroyed by a 
hailstorm. | noticed an umbrella-shaped 
cloud in the west and southwest and from 


_its appearance suspected that there was 


a tornado in it. The air had that peculiar 
oppressiveness which nearly always 
precedes a tornado. 


= Isaw at once that my suspicions were . 
correct; for hanging from the greenish- 


black base of the cloud were three 
tornadoes. One was perilously near and 
apparently heading for my place. | lost no 


- time hurrying my family to our cyclone - 
- cellar. ; 
The family had entered the cellar and | * 
- was inthe doorway just about to enter and . 


close the door when | decided to take a 
last look at the approaching twister. | have 


seen a number of these, so | did not lose ` 


my head, although the approaching 


tornado was an impressive sight. 


The surrounding country is level and 


“there was nothing to obstruct the view. 
There was little or no rain falling from the 


KWE = om. tt te = == 
Tint >” diwaf -gi á — 3 
o 


cloud. Two of the tornadoes were some 


distance away and looked like great ropes 
dangling from the parent cloud, but the 
one nearest was shaped more like a 
funnel, with ragged clouds surrounding it. 
It appeared much larger and more 
energetic than the others and occupied 
the central position of the cloud, with a 
massive cumulus dome being directly 


“over it. 


Steadily the tornado came on, the end 
gradually rising above the ground. | 
probably stood there only a few seconds, 
but was so impressed with the sight thatit 


“seemed like a long time. At last the great 


shaggy end of the funnel hung directly 
overhead. Everything was as still as 
death. There was a strong, gassy odor 
and it seemed as though | could not 
breathe. There was a screaming, hissing 
sound coming directly from the end of the 
funnel. | looked up and, to my astonish- 
ment | saw right into the heart of the . 
tornado. There was'a circular spinning in 
the center of the tornado, about 50 to 100 
feet in diameter, which extended straight 
up for a distance of at least one-half mile, 


as best | could judge under the cir- 
cumstances. The walls of this opening 
were rotating clouds and the whole was 
brilliantly lighted with constant flashes of 
lightning which zig-zagged from side to 
side. Had it not been for the lightning | 
could not have seen the opening, or any 
distance into it. 

Around the lower rim of the great 
vortex, small tornadoes were constantly 
forming and breaking away. These looked 
like tails as they writhed their way around 
the end of the funnel. It was these that 
made the hissing sound. | noticed that the 
direction of rotation of the great whirl was 
counterclockwise, but some of the 
smaller tornadoes rotated clockwise. The 
opening was entirely hollow, except for 
something | could not exactly make 
out—perhaps a detached wind cloud— 
that kept moving up and down. The 
tornado was not traveling at a great speed 
so | had plenty of time to get a good view 
of the whole thing, inside and out. 


Will Keller 
Kansas farmer 


studies conducted after 1973 reveal that even the most 
powerful twisters seldom have winds exceeding 220 
knots, and most tornadoes probably have winds of less 
than 125 knots. Nevertheless, being confronted with 
even a small tornado can be terrifying. 

The high winds of the tornado cause the most dam- 


age as walls of buildings buckle and collapse when 


blasted by the extreme wind force. Also, as high winds 
blow over a roof, lower air pressure forms above the 
roof. The greater air pressure inside the building then 
lifts the roof just high enough for the strong winds to 
carry it away. A similar effect occurs when the tor- 
nado’s intense low-pressure center passes: overhead. 
Because the pressure in the center of a tornado may be 
more than 100 mb (3 in.) lower than that of its sur- 
rounding, there is a momentary drop in outside pres- 


sure when the tornado is above the structure. It was 
once thought that opening windows and allowing in- 


‘side and outside pressures to equalize would min- 


imize the chances of the building exploding. How- 
ever, it now appears that opening windows during a 
tornado actually increases the pressure on the oppo- 
site wall and increases the chances that the building 
will collapse. Damage from tornadoes may also be in- 
flicted on people and structures by flying debris. 
Hence, the wisest course to take when confronted with 
an approaching: tornado is to- seek shelter im- 
mediately. . wk T 

- At home, take shelter in a basement. In a large build- 
ing without a basement, the safest place is usually in a 
small room, such as a bathroom, closet, or interior 
hallway, preferably on the lowest floor and near the 


FIGURE 16.23 Thetotal wind speed ofa tornadois greater 
on one side than on the other. When facing an on-rushing 
tornado, the strongest winds will be on your left side. 


middle of the edifice. At school, move to the hallway 
and lie flat with your head covered. In a mobile home, 
leave immediately and seek substantial shelter. If 
none exists, lie flat on the ground in a depression or 
ravine. Don’t try to outrun an oncoming tornado in a 
car or truck, as tornadoes often cover erratic paths 
with speeds sometimes exceeding 70 knots. If caught 
outdoors in an open field, look for a ditch, stream bed, 
or ravine, and lie flat with your head covered. 

When a tornado is approaching from the southwest, 
its strongest winds are on its southeast side. We can 
see why in Fig. 16.23. The tornado is heading north- 
east at 50 knots. If its rotational speed is 100 knots, 
then its forward speed will add 50 knots to its south- 
eastern side (position D) and subtract 50 knots from its 
northwestern side (position A). Because the most de- 
structive and extreme winds will be on the tornado’s 
southeastern side, it is the southwest side of the build- 
ing that will receive the maximum impact of the 
winds. l 

It now appears that the most violent tornadoes (with 
winds exceeding 180 knots) contain smaller whirls 
that rotate within them. Such tornadoes are called 
multi-vortex tornadoes and the smaller whirls are 
called suction vortices (Fig. 16.24). Suction vortices 
are only about 10m (30 ft) in diameter, but they rotate 
very fast and apparently do a great deal of damage. 

In the late 1960s, Dr. T. Theodore Fujita, a noted au- 
thority on tornadoes at the University of Chicago, 
proposed a scale (called the Fujita scale) for classify- 
ing tornadoes according to their rotational wind speed 
and the damage done by the storm. Table 16.1 presents 
this scale. Statistics compiled by the staff of the Na- 
tional Severe Storms Forecast Center in Kansas City, 
Missouri, show that, of all the tornadoes reported be- 
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tween 1950 and 1980, about two-thirds were FO and 


- F1 (weak tornadoes) and only 2 percent were above 


the F3 classification (violent). However, it was these 


latter storms that accounted for over two-thirds of all 


tornado-related deaths. As an example, a powerful F5 
tornado devastated the town of Barneveld, Wisconsin, 


_on the morning of June 8, 1984. Although the tornado 


lasted for no more than a minute, it damaged or de- 
stroyed 90 percent of the buildings, took the lives of 9 
people, and injured 190 more. A powerful F4 tornado 
is shown in Fig. 16.25. 


TORNADO FORMATION Although everything is not 
known about the formation of a tornado, we do know 
that tornadoes tend to form with severe thunderstorms: 
and that unstable air is essential for their develop- 
ment. One atmospheric situation that frequently leads 


Suction 
vortex 


Tornado 


center Direction 


of movement 


FIGURE 16.24 A powerful multi-vortex tornado with three suction 
vortices. 
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TABLE 16.1 M Fujita Scale for Damaging Wind 


SCALE CATEGORY MI/HR KNOTS 


EXPECTED DAMAGE pa 
FO ` Weak 40-72 35-62 _ light: tree branches broken, sign boards damaged 
F1 73-112 . 63-97 moderate: trees snapped, windows broken 
113-157 98-136 considerable: large trees uprooted, weak structures destroyed 
158-206 137-179 severe: trees leveled, cars overturned, walls removed from 
buildings 
F4 Violent | 207-260 180-226 devastating: frame houses destroyed 
F5 261—318 227—276 incredible: structures the size of autos moved over 100 m, steel- 


reinforced structures highly damaged 


to severe thunderstorms with tornadoes in the spring 
is shown in Fig. 16.26. 

At the surface, we find an open wave middle lati- 
tude cyclone with its cold front and warm front. Be- 
hind the cold front is modified mP Pacific air that, 
having crossed several mountain ranges, is now rela- 


FIGURE 16. 25 OnJune8, 1966, this F-4 tornado caused almost total 
destruction along a path 13 kilometers (8 mi) long and 4 blocks wide 
through the heart of Topeka, Kansas. ; 


tively cold and dry. (It may also be cP air penetrating 
southward, east of the Rockies.) Ahead of the advanc- 
ing cold front, warm and humid mT air pushes north- 
ward from the Gulf of Mexico. Above this warm sector 
at 850 mb, a wedge of warm, moist air is streaming 
northward. Directly above the moist layer, between 
700.mb and 500 mb, is a wedge of cold, dry air—called 
a dry tongue—moving in from the southwest. At 500 
mb, a trough of low pressure exists to the west of the 
surface storm and at 300 mb the polar front jet stream 
swings over the region. At this level, the jet stteam 
takes air away so quickly that air from below is drawn 
up to replace it. The stage is now set for the develop- 
ment of severe storms. 

The position of cold air above warm air produces an 
unstable atmosphere. As the warm air rises from the 
surface, many thunderstorms.should form throughout 
the warm sector. But often this is not the case as the at- 
mospheric conditions that generate severe thunder- 
storms tend to prevent many smaller ones from form- 
ing. To see why, we will examine the vertical profile of ' 
temperature and moisture—a SG EES sai warm 
sector. 

Figure 16.27 Sate a typical sounding of tempera- 
ture and dew point in the warm sector before tor- 
nadoes occur. From the surface up to 800 mb, the con- 


- ditionally unstable air is warm and very humid. At 


800 mb, a shallow inversion acts like a cap on the 
moist layer below. Above the inversion, the air is cold 
and much drier. This air is also conditionally un- 
stable, as the temperature drops at just about the dry 
adiabatic rate (10°C/1000 m). The cooling of this upper 
layer is due, mainly, to cold advection. Cold, dry, un- 


stable air sitting above a warm; humid layer produces 


convective instability, which means that the atmo- 
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FIGURE 16.26 Conditions leading to the formation of severe — 
thunderstorms that can spawn tornadoes. * 


sphere will become even more unstable if a layer of air 
is somehow forced upward (see Chapter 8). 

The lifting of warm surface air can occur at the fron- 
tal zones, but the air may also begin to rise anywhere 
in the warm sector when the surface air heats up dur- 
ing the day. However, in the morning, the inversion 
acts as a lid on rising thermals and only small cumulus 
clouds form. As the day progresses (and the surface air 
heats even more), rising air breaks through the inver- 
sion at isolated places and clouds build rapidly, some- 
times explosively, as the moist air is vented upward 
through the opening. Thus, we can see that the inver- 
sion prevents many small thunderstorms from form- 
ing. When the surface air is finally able to puncture the 
inversion, the upper-level jet stream rapidly draws the 
moist air up into the cold, unstable air, and a large 
storm quickly develops. The severe thunderstorm 
soon builds to the tropopause, and an anvil forms. 
However, the strong updraft inside the storm causes 
its top to overshoot the anvil by 2 to 4 km. 


TORNADOES w 431 


500 


600 
4 700 Cold, 
é la 
= dry air 
5 
$ 800 
a 


© 
o 
oO 


1000 
=)5..<20-15 +10130 Oe 79 10 e185 20) 12930 
Temperature (°C) 


FIGURE 16.27 A typical sounding of air temperature and dew point 
that frequently precede the development of severe thunderstorms that 
spawn tornadoes. 


“In order for the storm to spawn a tornado, the up- 
draft must rotate. Remember from our earlier discus- 
sion that severe thunderstorms form in a region of — 
strong vertical wind shear. In Fig. 16.26, the rapidly 
increasing wind speed with height (vertical wind 
speed shear) and the changing wind direction with 
height—from southerly at low levels to westerly at 
high levels (vertical wind direction shear)—cause the 
updraft inside the storm to rotate cyclonically. This 
rising, spinning column of air, perhaps 5 to 10 km 
across, is called a mesocyclone. Doppler radar obser- 
vations have shown that rotation begins in the middle 
of the thunderstorm and gradually works downward. 
As air rushes in toward the low pressure of the 
mesocyclone, the rotational wind speeds increase 
much like a spinning skater increases in speed when 
the arms are brought in closertothe body. (The conser- 
vation of angular momentum.) At the same time, the 
mesocyclone stretches vertically and shrinks horizon- 
tally (see Fig. 16.28), and the spinning air is acceler- 
ated upward. Inside the mesocyclone, which is now 
between 2 and 4 km wide, aspinning vortex of increas- 
ing wind speed (a tornado) may—for reasons not fully 
understood—appear near the midlevel of the cloud 
and gradually extend downward to the cloud base. At 
this point, the mesocyclone is called a tornado cyc- 
lone. i 

As air rushes into the low-pressure vortex from all: 
directions, it expands, cools, and, if sufficiently moist, 
condenses into a visible cloud—the funnel cloud. As 
the air beneath the funnel is drawn into the core, it 
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"FIGURE 16.28 Some ofthe 
‘features associated with a y 
tornado-breeding thunderstorm as 

viewed from the southeast. The 
thunderstorm is moving to the 
_ northeast. The tornado forms in the 
southwest part of the thunder- 
storm. 
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cools rapidly and condenses, le, llar 


scends toward the surface. Upon reaching the ground 
itis called a tornado. Here, it usually picks up dirt and 
debris, making it appear both dark and: ominous. 


While the air along the outside of the funnel is spiral- 


ing upward, Doppler radar reveals that, within the 


core of violent tornadoes, the airis descendingtoward . 


the extreme low pressure at the ground. As the air de- 
scends, it warms, causing the cloud droplets to evapo- 
rate. This process leaves the core free of clouds. At the 
surface, where the descending air in the core meets the 
air flowing into the funnel, suction vortices are formed 
as the combined flows spin and turn rapidly upward. 
Observations reveal that the most strong and violent 
tornadoes develop near the right rear sector of a severe 
thunderstorm (on the southwestern side of an east- 
ward moving storm, Fig. 16.28). However, weaker tor- 
nadoes may not only develop in the main updraft, but 
along the gust front, where the cool downdraft forces 
warm inflowing air upward. Although it appears that 
most strong and violent tornadoes form within the 
mesocyclone, not all mesocyclones produce tor- 
nadoes. Certainly, all the processes that go into 


generating a tornado are not completely understood at — 


this time. 
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While it is difficult to tell which thunderstorm will 
spawn a tornado, meteorologists can predict where 
tornado-generating storms are most likely to form. 
Notice in Fig. 16.26 that this area (the boxed-off area 
on the surface map) is situated where the polar front 
jet stream and the cold tongue of air cross the wedge of 

- warm, moist air. Knowing this helps to explain why 
the region of greatest tornado activity shifts northward 
from winter to summer. During the winter, tornadoes 
are most likely to form over the southern Gulf states. 
The polar front jet is above this region, and the con- 
trast between warm and cold air masses is greatest. In 
spring, humid Gulf air surges northward; contrasting 
- air masses and the jet stream also move northward and 
tornadoes bécome more prevalent from the southern 
Atlantic states westward into the southern Great 
Plains. In summer, the contrast between air masses 
lessens, and the jet stream is normally near the Cana- 
dian border; hence, tornado activity tends to be con- 
centrated from the northern plains eastward to New 
York State. : : 


‘OBSERVING TORNADOES The appeararice of mam- 
- matus-type clouds at the base of a severe thunder- 
- storm may indicate that the storm is capable of pro- 


ducing tornadoes. These bulging pouches suggest ver- 
tical motion (see Chapter 7) and may extend well 
below the cloud base, as shown in Fig. 16.29. Mam- 
matus clouds are not funnel clouds because they do 
not rotate. The first sign that the thunderstorm is about 
to give birth to a tornado is the sight of rotating clouds 
at the base of the storm. 

If the area of rotating clouds lowers, it becomes a 
wall cloud (compare Fig. 16.28 with Fig. 16.30). Usu- 
ally within the wall cloud, a smaller, rapidly rotating 
funnel extends toward the surface. Sometimes the air 
is so dry that the swirling wind remains invisible until 
it reaches the ground and begins to pick up dust. Un- 
fortunately, people have mistaken these “invisible tor- 
nadoes” for dust devils, only to find out (often too late) 
that they were not. Occasionally, the funnel cannot be 
seen due to falling rain, clouds of dust, or darkness. 
Even when not clearly visible, many tornadoes havea 
distinctive roar that can be heard for several kilome- 
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ters. This sound, which has been described as “a roar 
like a thousand freight trains,” appears to be loudest 
when the tornado is touching the surface. However, 
not all tornadoes make this sound and, when these 
storms strike, they become silent killers. 

When tornadoes are likely to form during the next 
few hours, a tornado watch is issued by the National 
Severe Storms Forecast Center in Kansas City, Mis- 
souri, to alert the public that tornadoes may develop 
within a.specific area during a certain time period. 
Many communities have trained volunteer spotters, 
who look for tornadoes after the watch is issued. Once 
a tornado is spotted—either visually or on a radar 
screen—a tornado warning is issued by the local Na- 
tional Weather Service Office. In some communities, 
sirens are sounded to alert people of the approaching 
storm. Radio and television stations interrupt regular 


- programming to broadcast the warning. Although not 


completely effective, this warning system is appar- 


FIGURE 16.29 A tornado sky. The pouches of these clouds almost touch the tops of buildings in 
Greeley, Colorado, on a day when several tornadoes were sighted. 
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vane 16.30 | A wall cloud photographed just southwest of Canyon, Texas. 


ently saving many lives. Despite the large REAT 
population in the tornado belt during the past twenty 
years, tornado-related deaths have actually shown a 


` decrease.. y 


. In an attempt to unravel some of the mysteries ofthe 
tornado, several studies are under way. In one—con- 
ducted jointly by the University of Oklahoma and the 
National Severe Storms Laboratory in Norman, Ok- 
lahoma—still and motion pictures of tornadoes are 
correlated with radar data in an attempt to better esti- 
mate wind speeds. In another, a sturdy instrument 


- package resembling a barrel with an antenna (called 


TOTO—for TOtable Tornado Observatory) is placed 
in the path of an approaching mesocyclone in hope of 
determining surface conditions such as winds, tem- 
perature, pressure, and the electric field strength be- 
neath a tornado cyclone. The readings are recorded in 
TOTO’s tornado-proof shell and read after the storm 
passes. Unfortunately, high winds would likely tip 
TOTO over before it could ever measure the strongest 


winds of a tornado. On the more theoretical side, nu- 
merical cloud modeling studies are offering new in- 
sights into the formation and development of tornado- 
breeding thunderstorms. i 


E DOPPLER RADAR 


Most of our knowledge about what goes on inside a 
tornado-generating thunderstorm has been gathered 
through the use of Doppler radar. Before we investi- 
gate this remote-sensing device, we will examine how 
precipitation inside a severe thunderstorm appears on 
the scope of conventional radar. 
Remember from Chapter 9 that a conventional radar 
transmitter sends out microwave pulses and that, 
when this energy strikes an object, a small fraction is 
scattered back to the antenna. Because precipitation 
particles are large enough to bounce microwaves back 
to the antenna, the white area on the radar scope in 


Fig. 16.31 represents precipitation inside a severe 
thunderstorm. Notice that the pattern is in the shape of 
a hook. A hook-shape echo such as this indicates the 
possible presence of a tornado. The dark area within 
the hook echo represents the region inside the severe 
thunderstorm, where strong updrafts carry cloud par- 
ticles upward so rapidly that they are unable to grow 
large enough to reflect microwaves. When tornadoes 
form, they do so near the tip of the hook. However, 
many severe thunderstorms (as well as smaller ones) 
do not show a hook echo, but still spawn tornadoes. 
Sometimes, when the hook echo does appear, the tor- 
nado is already touching the ground. Consequently, 
a better technique was needed in detecting tornado- 
producing storms. To address this need, Doppler radar 
was developed. 

Doppler radar is like a conventional radar in that it 
can detect areas of precipitation and measure the 
speed of falling precipitation. Buta Doppler radar can 
do more—it can actually measure the speed at which 
precipitation is moving horizontally toward or away 
from the radar antenna. Because precipitation par- 
ticles are carried by the wind, Doppler radar can peer 
into a severe storm and unveil its winds. 

Doppler radar works on the principle that, as pre- 


cipitation moves toward or away from the antenna, the — 


returning radar pulse will change in frequency. A 
similar change occurs when the high-pitched sound 
(high frequency) of an approaching noise source, such 
as a siren or train whistle, becomes lower in pitch 
(lower frequency) after it passes by the person hearing 
it. This change in frequency is called the Doppler shift 
and this, of course, is where the Doppler radar gets its 
name. 

A single Doppler radar cannot detect winds that 
blow parallel to the antenna. Consequently, two or 
more units probing the same thunderstorm are able to 
give a three-dimensional picture of the winds within 


- the storm. To help distinguish the storm's air motions, 


wind velocities can be displayed in color. Color con- 
touring the wind field gives a good picture of the 
storm. (See Fig. 16.32.) A 
Even a single Doppler radar can uncover many of 
the features of a severe thunderstorm. For example, 
studies conducted in the 1970s revealed, for the first 
time, the existence of the swirling winds of the meso- 
cyclone inside tornado-producing thunderstorms. 
Mesocyclones have a distinct image (signature) on the 
radar display. About half of all the mesocyclones iden- 
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FIGURE 16.31 Ahook-shaped echo often appears on the conven- 
tional radar screen with tornado-spawning thunderstorms. 


tified have been associated with tornadoes. The time 
between mesocyclone identification and the tornado 
actually touching the ground is about 20 minutes. 
Tornadoes also have a distinct signature, known as 
the tornado vortex signature (TVS), which shows up ` 
as a region of rapidly changing wind speeds within the 
mesocyclone. Unfortunately, the resolution of the 
Doppler radar is not high enough to measure actual 
wind speeds of most tornadoes, whose diameters are l 
only a few hundred meters or less. However, a new 
and experimental Doppler system—called Doppler 
lidar—uses a light beam (instead of microwaves) to 
measure the change in frequency of falling precipita- 
tion, cloud particles, and dust. Because it uses a 
shorter wavelength of radiation, it has a narrower 
beam and a higher resolution than does Doppler radar. 
Today, in an attempt to obtain tornado wind infor- 
mation at fairly close range (less than 10 km), smaller 
portable Doppler radar units are peering into tornado- 
generating storms. During the 1990s, the National 
Weather Service plans to install a network of Doppler 
radar units at selected weather stations. This planned 
radar network, called NEXRAD (an acronym for NEXt 
Generation Weather RADar) will replace the aging 
conventional radar units. Detecting the signatures of 
mesocyclones and tornadoes with Doppler radar will 
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FIGURE 16.32 Doppler radar display. The color ` 
contouring shows wind velocity in a severe thunder- 
storm with a black dot (in the middle left of the picture) 
depicting the point where a tornado is forming. 


assist forecasters in determining which severe thun- 
derstorms will likely spawn tornadoes. In addition, 
they should give advanced and improved warning of 
an approaching tornado. More reliable warnings, of 


. course; should: cut down on the gaber.. of false 


alarms. - 


Because the Doppler radar vs air A 
within a storm, it can help to identify the magnitude of _ 


other severe weather phenomena, such as gust fronts, 
microbursts, and wind shears that are dangerous to 
aircraft. Certainly, as Doppler radar becomes part of 
the major radar network, our understanding of the pro- 
cesses that generate severe thunderstorms will be en- 
hanced, and hopefully there will be an even better tor- 
nado and severe storm-warning system, resulting. ir in 
fewer deaths and i se) pate 


E WATERSPOUTS i 


A waterspout is a rotating column of air over a large 
body of water. The waterspout may be a tornado that 


formed over land and then traveled over water. In such 
a case, the waterspout is called a tornadic waterspout. 


Waterspouts that form over water, especially above 
the warm, shallow coastal waters of the Florida Keys, 
where almost 100 occur each month during the sum- 
mer, are referred to as “fair weather” waterspouts. 
These waterspouts are generally much smaller than an 
average tornado, as they have diameters usually be- 
tween 3 and 100 m. Fair weather waterspouts are also 
less intense, as their rotating winds are typically less 
than 45 knots. In addition, they tend to move more 
slowly than tornadoes and they only last for about 10 
to 15 minutes, although some have existed for up to 
one hour. R 

Fair weather SOS tend to form when the air 
is unstable and clouds are developing. Unlike the tor- 


nado, they do not need a severe thunderstorm to gen- 


erate them. Some form with small thunderstorms, but 
most form with developing cumulus congestus clouds 
whose tops are frequently no higher than 3600 m 
(12,000 ft) and do not extend to the freezing level. Ap- 
parently, the warm, humid air near the water helps to 
create atmospheric instability, and the updraft be- 
neath the resulting cloud helps initiate uplift of the 
surface air. Recent studies even suggest that gust 
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FIGURE 16.33 A waterspout over the warm 
waters of the Florida Keys. . 


| 
i 
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13 
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fronts and converging sea breezes may play a role in 
the formation of some of the waterspouts that form 


over the Florida Keys. 


The waterspout funnel is simil y 
nel in that both are clouds of condensed water por 
with converging winds thatrise about a central core. 


Contrary to popular belief, the w: atersp out does not — 


SUMMARY 
In this chapter, we have examined thunderstorms and 
the atmospheric conditions that produce them. The 
ingredients for an isolated air-mass thunderstorm are 
humid surface air, plenty of sunlight to heat the 
ground, and an unstable atmosphere. When these con- 
ditions prevail, small cumulus clouds may grow into 
towering clouds and thunderstorms within 20 min- 
utes. i i 

When conditions are ripe for thunderstorm de- 
velopment and a strong vertical wind shear exists, the 


| 


draw water up into its core; however, swirling spray 
3 r- AP Ve al ET: mE 
‘may be lifted several meters when the waterspout i - 
nel touches the water. Apparently, the most destruc- 
tive waterspouts are those that begin as tornadoes over 
land, then move over water. A photograph of a partic- 
ularly well-developed and intense fair weather water- 
spout near the Florida Keys is shown in Fig. 16.33. 


stage is set for the generation of severe thunderstorms. 
Supercell thunderstorms may exist for many hours, as 
their updrafts and downdrafts are nearly in balance. 
Thunderstorms that form ina line, especially ahead of 
an advancing cold front, are called a squall line. - 
Lightning is a discharge of electricity that occurs in 
mature thunderstorms. The lightning stroke momen- 
tarily heats the air to an incredibly high temperature. 
The rapidly expanding air produces a sound called 
thunder. Along with lightning and thunder, severe 
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thunderstorms produce violent weather, such as de- 
structive hail, downbursts, and the most feared of all 
atmospheric storms—the tornado. 

Tornadoes are rapidly rotating columns of air that 
extend downward from the base of a thunderstorm. 
Most tornadoes are less than a few hundred meters 
wide with wind speeds less than 100 knots, although 
violent tornadoes may have wind speeds that exceed 
250 knots. A violent tornado may actually have 
smaller whirls (suction vortices) rotating within it. 
With the aid of Doppler radar, scientists are probing 


H KEY TERMS . 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. . 


macroburst 
supercell storm ` 


air-mass thunderstorms: | 
cumulus stage 


mature thunderstorm squall line 
dissipating stage dry line — 

multicell storms flash floods | 

severe thunderstorms Mesoscale COTERIA 
gust front Complexes (MCCs) 
mesohigh lightning’ 

roll cloud | thunder 

downburst » sonic boom ' 
microburst stepped leader 


QUESTIONS FOR REVIEW 


1. What is a thunderstorm? 
2. Describe how a cumulus cloud grows into an air- 

mass thunderstorm. 
3. How do downdrafts form in thunderstorms? 


4. What is necessary for a multicell thunderstorm to 


form? 


5. Why do air-mass Mattos most aaa | 


form in the afternoon? | 
6. Explain why air-mass thunderstorms tend to dis- 
sipate much sooner than severe thunderstorms. 
7. What type of weather does a gust front bring when 
~ it passes? 
8. How does a microburst differ from a macroburst? 


return stroke 


tornado-spawning thunderstorms, hoping to better 
predict tornadoes and to better understand where, 
when, and how they form. When NEXRAD comes on 
line, the National Weather Service will have up-to- 
date technology for detecting severe weather 
phenomena. 

A normally small xå less destructive cousin of the 
tornado is the “fair weather? waterspout that com- 
monly forms above the warm waters of the Florida 
Keys. 


mesocyclone ' 
dart leader wall cloud 
ball lightning tornado watch 
heat lightning tornado warning 
St. Elmo’s Fire hook-shape echo 
sferics Doppler radar 
tornadoes Doppler lidar 
funnel cloud - NEXRAD 
tornado outbreak waterspout 
suction vortices 
Fujita scale 


9. Why are severe thunderstorms not very common 
in polar latitudes? ` 
10. Give two possible explanations for the generation 
of prefrontal squall-line thunderstorms. 
11. What is a Mesoscale Convective Complex? 
12. Where does the highest frequency of thunder- 
storms occur in the United States? Why there? - 
13. Why is large hail more common in Kansas than in 
Florida? 
14. Describe one process oth which thunderstorms be-. 
come electrified. 
15. Explain how a cloud-to- ground lightning flash 
Ge VIO DS am” 
16. Why is it dangerous to seek shelter under a tree 
- during a thunderstorm? 


17. 
18. 
19. 
20. 


21. 


22. 


23. 


24, 


25. 


pe 
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How is thunder produced? 

If you see lightning and 10 seconds later you hear 
thunder, how far away is the lightning stroke? 
What are tornadoes? Give some average statistics 
about tornado size, winds, and direction of move- 
ment. l 

If you see a tornado approaching your home while 
you are inside, should you open the windows? 
What should you do? 

Why is the central part of the United States more 
susceptible to tornadoes than any other region of 
the world? 
Describe how Doppler radar measures the winds 
inside a severe thunderstorm. Why is Doppler 
radar superior to conventional radar for this pur- 
pose? 

Describe the atmospheric conditions at the surface 
and aloft that are responsible for the development 
of the majority of tornado-spawning thunder- 
storms. 

Explain both how and why there is a shift in tor- 
nado activity from winter to summer. 

What conditions lead to the formation of “fair 
weather” waterspouts? 


W QUESTIONS FOR THOUGHT 


. Why does the bottom half of a dissipating thunder- 


storm usually “disappear” before the top? 


. Sinking air warms, yet the downdrafts in a thunder- 


storm are cold. Why? 


. Explain why squall-line thunderstorms often form 


ahead of advancing cold fronts but seldom behind 
them. y 

On a house without a lightning rod, where do you 
think lightning would most likely strike? Why? 


. Why is the old adage “lightning never strikes twice 


in the same place” wrong? 


. Suppose while you are on a high mountain ridge a 


thundercloud passes overhead. What would be the 
wisest thing to do—stand upright? lie down? or 


crouch? Explain. 


. If you are confronted in an open field by a large tor- 


nado and there is no way that you could outrun it, 
probably the only thing that you could do would be 
to run and lie down in a depression. If given the 
choice, would you run toward your right or left as 
the tornado approaches? Explain your reasoning. 
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. Tornadoes apparently form in the region of a strong 


updraft, yet they descend from the base of a cloud. 
Why? 


. In the Fujita scale for classifying tornadoes, into 


which category would the majority of waterspouts 
fall? 


PROBLEMS AND EXERCISES 


. On a map of the United States, place the surface 


weather conditions {air masses, fronts, and so on) 
that are necessary for the formation of most tor- 
nadoes. 


. On the surface weather map in Fig. 16.34, at which 


number would you most likely observe a line of 
thunderstorms forming? Explain why you chose 
that location. 


. A multi-vortex tornado with a rotational wind 
` speed of 125 knots is moving from southwest to 


northeast at 30 knots. Assume the suction vortices 
within this tornado have rotational winds of 100 
knots: | | 

(a) What is the maximum wind speed of this multi- 

vortex tornado? 

(b) If you are facing the approaching tornado, on 
which side (northeast, northwest, southwest, 
or southeast) would the strongest winds be 
found? the weakest winds? Explain both of 
your answers. 

According to the Fujita scale (Table 16.1, 
p. 430), how would this tornado be classified? | 


— 


(c 


FIGURE 16.34 Surface weather map for Exercise 2. 


Hurricane Elena over the Gulf of Mexico, about 130 km southwest of Apalachicola, Florida, as 
photographed from the space shuttle Discovery during September, 1985. With surface winds 
of 105 knots and a central pressure near 955 mb, Elena rates as a 3 on the Saffir-Simpson 
hurricane scale. (Photo: NASA) - > 
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HURRICANES 


On September 18, 1926, as a hurricane approached Miami, 
Florida, everyone braced themselves for the devastating high 
winds and storm surge. Just before dawn the hurricane struck 
with full force—torrential rains, flooding, and easterly winds that 
gusted to over 100 miles per hour. Then, all of asudden, it grew 
calm and a beautiful sunrise appeared. People wandered 
outside to inspect their property for damage. Some headed for 


work, and scores of adventurous young people crossed the 


long causeway to Miami Beach for the thrill of swimming in the 
huge surf. But the lull lasted for less than an hour. And from the 
south, ominous black clouds quickly moved overhead. In what 
seemed like an instant, hurricane force winds from the west 
were pounding the area and pushing water from Biscayne Bay 
over the causeway. Many astonished bathers, unable to swim 
against the great surge of water, were swept to their deaths. 
Hundreds more drowned as Miami Beach virtually disappeared 
under the rising wind-driven tide. 


Born over warm tropical waters and nurtured by a rich 
supply of water vapor, the hurricane can indeed grow 
into a ferocious storm that generates enormous waves, 
heavy rains, and winds that may exceed 150 knots. 
What exactly are hurricanes? How do they form? And 
why do they strike the east coast of the United States 
more frequently than the west coast? These are some 
of the questions we will consider in this chapter. 


«@ TROPICAL WEATHER 


In the broad belt around the earth known as the 
tropics—the region 2312° north and south of the 
equator—the weather is much different from that of 
the middle latitudes. In the tropics, the noon sun is al- 
ways high in the sky, and so diurnal and seasonal 
changes in temperature are small. The daily heating of 
the surface and high humidity favor the development 
of cumulus clouds and afternoon thunderstorms. 
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Most of these are individual thunderstorms that are . 


not severe. However, if a jet stream should exist above 
the developing storm, a strong vertical wind shear can 
cause the updraft to tilt, producing a more violent 
squall-line-type thunderstorm similar to those that 
form in middle latitudes. 

As it is warm all year long in the tropics, the weather 
is not characterized by four seasons which, for the 
most part, are determined by temperature variations. 
Rather, most of the tropics are marked by seasonal dif- 
ferences in precipitation. The greatest cloudiness and 
precipitation occur during the high-sun period, when 
the intertropical convergence zone moves into the re- 
gion. Even during the dry season, precipitation can be 
irregular, as periods of heavy rain, lasting for several 
days, may follow an extremely dry spell. 

The winds in the tropics generally blow from the 


- east, northeast, or southeast. Because the variation of 


sea level pressure is normally quite small, drawing 
isobars on a weather map provides little useful infor- 
mation. Instead of isobars, streamlines that depict 
wind flow are drawn. Streamlines are useful because 
they show where surface air converges and diverges.’ 
Occasionally, the streamlines will be disturbed by a 
weak trough of low a caleg an easterly wave 
(Fig. 17.1). 

- Easterly waves Has Traidh on the oef of 
2500 km (1550 mi) and travel from east to west at 
speeds between 10 and 20 knots. Look at Fig. 17.1 and 
observe that, on eke western side of the trough (heavy 


Datitude, “N 


FIGURE 17.1 An easterly wave as shown by the bending of 
streamlines. (The heavy dashed line is the axis of the trough.) The wave _ 
moves slowly westward, bringing fair weather on its ‘western Jee and 


showers on its eastern side. 


dashed line), where easterly and northeasterly surface 
winds diverge, sinking air produces generally fair 
weather. On its eastern side, where the southeasterly 
winds converge, rising air generates’ showers and 
thunderstorms. Consequently, the main area of show- 
ers form behind the trough. Occasionally, an easterly 
wave will intensify and grow intoa hurricane. - 
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A hurricane is an intense storm of tropical origin, 
with sustained. winds exceeding 64 knots (74 mi/hr), 
which forms over the warm northern Atlantic and 
eastern North Pacific oceans. This same type of storm 
is given different names in different regions of the 
world. In the western North Pacific, it is called a ty- 
phoon, in the Philippines a baguio (or a typhoon), and 
in India and Australia a cyclone. For simplicity, we 
will refer to all of these storms as hurricanes. 
Figure 17.2 is a satellite picture of hurricane John 
situated in the eastern Pacific on August 25, 1978. The 
storm is approximately 550 km (340 mi) in diameter, 
which is about average for hurricanes. The area of bro- ' 
ken clouds at the center is its eye. John’s eye is almost 
60 km (37 mi) wide, somewhat larger than the average 
20- to 50-km eye diameter. Within the eye, winds are 
light and clouds are mainly broken. The surface air 


| pressure is very low, nearly 965 mb (28.50 in.).* The 


dark blotches in the eye are regions where the sky is 


, clear. Notice that the clouds align themselves in bands 


(called rain bands) that spiral in toward the storm’s 
center, where they wrap themselves around the eye. 
Surface winds increase in speed as they blow counter- 


clockwise and inward toward this center. Adjacent to 


the eye is the eye wall, a ring of intense thunderstorms 
that whirl around the storm’s center and extend up- 
ward to almost 15 km above sea level. Within the eye | 
wall, we find the heaviest precipitation and the strong- 
est winds, which, in this storm, are 100 knots, with 
peak gusts of 115 knots. | 

If we were to venture from west to east (left to right) 
through the storm in Fig. 17.2, what might we experi- 
ence? As we approach the hurricane, the sky becomes 
overcast with cirrostratus clo uds; barometric pressure 


* An extreme low pressure of 870 mb (25. 70 in.) was recorded in 
typhoon Tip during October, 1979, and hurricane Gilbert had a 
pressure reading of 888 mb (26.22 in.) during ao 1988. 


FIGURE 17.2 Hurricane John. (Visible satellite picture.) - 


drops slowly at first, then more rapidly as we move 
closer to the center. Winds blow from the north and 


northwest with ever-increasing speed as we near the 


eye. The high winds, which generate huge waves over 
10 m (33 ft) high, are accompanied by heavy rain- 
showers. As we move into the eye, the air temperature 


rises, winds slacken, rainfall ceases, and the sky 


brightens, as middle and high clouds appear over- 
head. The barometer is now at its lowest point (965 
mb), some 50 mb lower than the pressure measured on 
the outskirts of the storm. The brief respite ends as we 
enter the eastern region of the eye wall. Here, we are 
greeted by heavy rain and strong southerly winds. As 
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we move away from the eye wall, the pressure rises, 
the winds diminish, the heavy rain lets up, and even- 
tually the sky begins to clear. 

This brief, imaginary venture raises many un- 
answered questions. Why, for example, is the surface ` 
pressure lowest at the center of the storm? And why is 
the weather clear almost immediately outside the 
storm area? To help us answer such questions, we 
need to look at a vertical view, a profile of the hur- 
ricane along a slice that runs directly through its 
center. Of course, this view would be almost impossi- 
ble to obtain in reality. However, a model that de- 
scribes such a profile is given in Fig. 17.3. 
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FIGURE 17.3 A modelthat shows 
a vertical view of air motions, 
clouds, and precipa ai in atypical 
hurricane. 


The model shows that the hurricane is composed of 
an organized mass of thunderstorms that are an inte- 
gral part of the storm’s circulation. Near the surface, 
moist tropical air flows in toward the hurricane’s 
center. Adjacent to the eye, this air rises and con- 
denses into huge thunderstorms that produce heavy 


rainfall, as much as 25 cm (10 in.) per hour. Near the 


top of the thunderstorms, the relatively dry air, having 
lost much of its moisture, begins to flow outward away 
from the center. This diverging air aloft actually pro- 
duces a clockwise (anticyclone) flow of air several 
hundred kilometers from the eye. As this outflow 
reaches the storm’s periphery, it begins to sink and 


_ warm, inducing clear skies. In the vigorous thunder- 
storms of the eye wall, the air warms due to the release : 


of large quantities of latent heat. This produces 
slightly higher pressures aloft, which initiate down- 
ward air motion within the eye. As the air subsides, it 
warms by compression. This helps to account for the 
warm air and the absence of ica] in the 
center of the storm. 


_As surface air rushes in toward the region of af 
lower.surface pressure, it should expand and cool, and 


we might expect to observe cooler air around the eye, 


with warmer air further away. But, apparently, so. 


much heat is added to the air from the warm ocean sur- 


face that the surface air temperature remains fairly 
- uniform throughout the hurricane. 


- We are now left with an important question: viene 
and how do hurricanes form? Although not everything 
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is known about their formation, it is known that cer- 
tain necessary ingredients are required before a weak 
tropical disturbance will develop into a full- -fledged 
hurricane. 


HURRICANE FORMATION AND DISSIPATION { Hur- 
ricanes form over tropical waters where the winds are 
light, the humidity is high, and the surface water tem- 
perature is warm over a vast area, typically 26°C (79°F) 
or greater. Over the tropical and subtropical North At- 
lantic and North Pacific oceans these conditions pre- 
vail in summer and early fall; hence, the hurricane 
season normally runs from June through November. 
For a mass of unorganized thunderstorms to de- 
velop into a hurricane, the surface winds must con- 
verge. In the Northern Hemisphere, converging air 
spins counterclockwise. Because this type of rotation 
will not develop on the equator where the Coriolis 
force is zero (see Chapter 10), hurricanes form in sub- 
tropical regions, usually between 5° and 20° latitude. 
Convergence may occur along a front that has moved . 
into the tropics from middle latitudes. Although the 
temperature contrast between the air on both sides of 
the front is gone, developing thunderstorms and con- 
verging surface winds may form, especially when the 
front is accompanied by a cold upper-level trough. 
` We know from Chapter 12 that the surface winds 
converge along the intertropical convergence zone 
(ITCZ). Occasionally, when the ITCZ is displaced 
away from the equator, a wave in the ITCZ forms into 


an area of low pressure, convection becomes or- 
ganized, and the system grows into a hurricane. Weak 
convergence also occurs on the eastern side of an east- 
erly wave, where hurricanes have been known to 
form. In fact, many if not most Atlantic hurricanes can 


- be traced to easterly waves that form over Africa. How- 


ever, only a small fraction of all of the tropical distur- 
bances that form over the course of a year ever grow 
into hurricanes. 

Even when all of the surface conditions appear near 
perfect for the formation of a hurricane (e.g., warm 
water, converging winds, and so forth), the storm may 
not develop if the weather conditions aloft are not just 
right. For example, in the region of the trade winds 
and especially near latitude 20°, the airis often sinking 
due to the subtropical high. The sinking air warms and 
creates an inversion known as the trade wind inver- 
sion. When the inversion is strong it can inhibit the 
formation of intense thunderstorms and hurricanes. 
Also, hurricanes do not form where the upper-level 
winds are strong. Strong winds tend to disrupt the or- 
ganized pattern of convection and disperse the heat, 
which is necessary for the growth of the storm. _ 

For hurricanes to form, the thunderstorms must be- 
come organized so that the latent heat that drives the 
system can be confined to a limited area. If thunder- 
storms start to organize along the ITCZ or along an 
easterly wave and if the trade wind inversion is weak, 
the stage may be set for the birth of a hurricane. The 
likelihood of hurricane development is enhanced if 
the air aloft is unstable. Such instability can be 
brought on when a cold upper-level trough from mid- 
dle latitudes moves over the storm area. When this 
happens, the cumulonimbus clouds are able to build 
rapidly and grow into enormous thunderstorms. (See 
Fig. 17.4.) 

Although the upper air is initially cold, it warms 


_ rapidly due to the huge amount of latent heat released 


during condensation.* As this cold air is transformed 
into much warmer air, the air pressure in the upper 
troposphere above the developing storm rises, pro- 
ducing an area of high pressure (see Chapter 10). Now 
the air aloft begins to move outward away from the re- 
gion of developing thunderstorms. This diverging air 


*Estimates are that the latent heat released in a mature hurricane in 
one day is equivalent to the energy released by 400 twenty-megaton 
hydrogen bombs. If this energy were converted to electricity, it 
would be enough to supply the needs of the United States for half a 
year. 
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FIGURE 17.4 Development of a hurricane. (a) Cold air above an 


_ organized mass of tropical thunderstorms generates unstable air and 


large cumulonimbus clouds. (b) The release of latent heat warms the 
upper troposphere, creating an area of high pressure. Upper-level 
winds move outward away from the high. This, coupled with the 
warming of the air layer, causes surface pressures to drop. As air near 
the surface moves toward the lower pressure, it converges, rises, and 
fuels more thunderstorms. Soon a chain reaction develops, and a 
hurricane forms. 


aloft, coupled with warming of the air layer, causes 
surface pressure to drop, and a small area of surface 
low pressure forms. The surface air begins to spin 
counterclockwise and in toward the region of low 
pressure. As it moves inward, its speed increases due 
to the conservation of angular momentum (see Chap- 
ter 12). The winds then generate rough seas, which in- 
crease the friction on the moving air. This causes the 
winds to converge and ascend about the center of the 
storm. We now have a chain reaction in progress, OF 
what meteorologists call a feedback mechanism. The 
rising air, having picked up added moisture and 
warmth from the choppy sea, fuels more thunder- 
storms and releases more heat, which causes the sur- 
face pressure to lower even more. The lower pressure 
near the center creates a greater friction, more con- 
vergence, more rising air, more thunderstorms, more 
heat, lower surface pressure, stronger winds, and so 
on until a full-blown hurricane is born. 

As long as the upper-level outflow of air is greater 
than the surface inflow, the storm will intensify and 
the surface pressure will drop. Because the air pres- 
sure within the system is controlled to a large extent 
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by the warmth of the air, the storm will intensify only 
up to a point. The controlling factors are the tempera- 
ture of the water and the release of latent heat.* Conse- 
quently, when the storm is literally full of thunder- 
storms, it will use up just about all of the available 
energy, so that air temperature will no longer rise and 
pressure will level off. Because there is a limit to how 
intense the storm can become, peak wind gusts sel- 
dom exceed 200 knots. When the converging surface 
air near the center exceeds the outflow at the top, sur- 


face pressure begins to increase, and the storm dies 
- out. 


If the hurricane remains over warm water, it may 
survive for a long time. For example, hurricane Ginger 


*The maximum strength that a storm can achieve is determined by 
the temperature difference between the sea surface and the top of 
the storm. 


Tropical storii 


Samlag a” 


(1971) traveled for thousands of kilometers over warm 
tropical waters and maintained hurricane force winds 
for 20 days of its 30-day lifespan. However, most hur- 
ricanes last for less than a week; they weaken rapidly 
when they travel over colder water and lose their heat 
source. They also dissipate rapidly over land. Here, 
not only is their energy source removed, but their 
winds decrease in strength (due to the added friction) 
and blow more directly into the center, causing the 
central pressure to rise. 

Hurricanes go through a set of stages from birth to 
death. Initially, the mass of thunderstorms with only a 
slight wind circulation is known as a tropical distur- 
bance. The tropical disturbance becomes a tropical 
depression when the winds increase to between 20 
and 34 knots and several closed isobars appear about 
its center on a surface weather map. When the isobars 
are packed together and the winds are between 35 and 
64 knots, the tropical depression becomes a tropical 


r 
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FIGURE 17.6 Regions where hurricanes form, and the typical paths hurricanes take. 


storm. The tropical storm is classified as a hurricane 
only when its winds exceed 64 knots (74 mi/hr). 

Figure 17.5 shows four tropical systems in various 
stages of development. Moving from east to west, we 
see a weak tropical disturbance (an easterly wave) 
crossing over Panama. Further west, a tropical depres- 
sion is organizing around a developing center with 
winds less than 25 knots. In a few days, this system 
will develop into hurricane Gilma. Further west is a 
full-fledged hurricane with peak winds in excess of 
110 knots. The swirling band of clouds to the north is 
Emilia; once a hurricane (but now with winds less 
than 40 knots), it is rapidly weakening over colder 
water. 

Up to now, we have seen that hurricanes are storms 
with winds in excess of 64 knots (74 mi/hr)—storms 
that form and intensify over warm tropical waters. 
Hurricanes are similar to middle latitude cyclones in 
that, atthe surface, both have central cores of low pres- 


sure and winds that spiral counterclockwise about: 
their respective centers (Northern Hemisphere). (The. 


many differences between the two systems are de- 
scribed in detail in the Focus section on p. 448.) 


HURRICANE MOVEMENT Figure 17.6 shows where 
most hurricanes are born and the general direction in 
which they move. Notice that they form over tropical 
oceans, except inthe South Atlantic and in the eastern ' 
South Pacific. Presumably, the surface water tempera- 
tures are too cold in these areas for their development. 
It is also possible that the unfavorable location of the 
ITCZ during the Southern Hemisphere's warm season 
discourages their development. l 
Hurricanes that form over the North Pacific and 
North Atlantic are steered by easterly winds and move 
west or northwestward at about 10 knots fora week or 
so. Gradually, they swing poleward around the sub- 
tropical high, and when they move far enough north, 
they become caught in the westerly flow, which 
curves them to the north or northeast: In the’middle ' 


_ latitudes, the hurricane’s forward speed normally in- 


creases, sometimes to more than 50 knots. The actual 
path of a hurricane may vary considerably. Some take 
erratic paths and make odd turns that occasionally 
catch weather forecasters by surprise. There have been 
many instances where a storm heading directly for 
land suddenly veered away and spared the region 
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By now, it should be apparent that a 


- hurricane is much different from the _ 


mid-latitude cyclone that we discussed in 


. Chapter 14. Ahurricane derivesits energy 


from the warm water and the latent heat of 


- condensation, whereas the mid-latitude 


storm derives its energy from horizontal 
temperature contrasts. The vertical 


‘structure of a hurricane is such that its 


central column of air is warm from the 
surface upward; consequently, hurricanes 


` are called warm core lows. A hurricane 
~ weakens with height, and the area of low 
` pressure at the surface may actually: 


become an area of high pressure above 


-. 12 km (40,000 ft). Mid-latitude cyclones, . 


on the other hand, usually intensify with 
increasing height and a cold upper-level 
low or trough exists to the west of the 
surface system. A hurricane usually 
contains an eye where the air is sinking, 
while mid-latitude cyclones are charac- 
terized by centers of rising air. 

Further contrasts can be seen ona 
surface weather map. Figure 1 shows 
hurricane Allen over the Gulf of Mexico - 
and a mid-latitude storm north of New 
England. Around the hurricane, the - 


“ isobars are more circular, the pressure 


gradient is much steeper, and the winds - 
are stronger. The hurricane has no fronts 
and is smaller (although Allen is larger than 
most hurricanes). There are similarities 
between the two systems: Both are areas 
of surface low pressure, with winds 
moving more or less counterclockwise. 
about their respective centers. 

It is interesting to note that some 
northeasters (winter storms that move 
northeastward along the coastline of 


FIGURE1 Surface weather map for the moming of August 9, 1980, showing hurricane Allen ` 
over the Gulf of Mexico and a middle latitude storm system north of New England. 


North America, bringing with them heavy 
precipitation, high surf, and strong winds) 
may actually possess some of the 
characteristics of a hurricane. For 


example, a particularly powerful northeas- 


ter during January, 1989, was observed 
to have a cloud-free eye, with surface - 
winds in excess of 85 knots spinning - 
about a warm inner core. 


Even though hurricanes weaken rapidly 
as they move inland, their counterclock- 
wise circulation may draw in air with 
contrasting properties. If the hurricane 
links with an upper-level trough, it may 
actually become a mid-latitude cyclone. 


This is what happened to hurricane Hazel... 
- In 1954, to Agnes in 1972, andto Hugoin | 


1989. i 


from almost certain disaster. As an example, hur- 
ricane Elena with peak winds of 90 knots moved 
northwestward into the Gulf of Mexico on August 29, 
1985. It then veered eastward toward the west coast of 
Florida. After stalling offshore, it headed northwest. 
After weakening, it then moved onshore near Biloxi, 
Mississippi, on the morning of September 2. 

As we saw in an earlier section, many hurricanes 
form off the coast of Mexico over the North Pacific. In 
fact, this area usually spawns about eight hurricanes 
each year, which is slightly more than the yearly aver- 
age of six storms born over the tropical North Atlantic. 
Eastern North Pacific hurricanes normally move west- 
ward) away from the coast, and so little is heard about 
them. When one does move northwestward it nor- 
mally weakens rapidly over the cool water of the 


‘North Pacific: Occasionally, however, one will curve . 


northward or even northeastward and slam into 
Mexico, causing destructive flooding. Hurricane Tico 
left 25,000 people homeless and caused an estimated 
$66 million in property damage after passing over 
Mazatlán, Mexico, in October, 1983. The remains of 
Tico even produced record rains and flooding in Texas 
and Oklahoma. Even less frequently, a hurricane will 
stray far enough north to bring summer rains to south- 
ern California and Arizona, as did the remains of hur- 
ricane Boris during June, 1990. 

The Hawaiian Islands, which are situated in Rie 
central North Pacific between about 20° and 23°N, ap- 


- pear to be in the direct path of many eastern Pacific- 


hurricanes and tropical storms. By the time most of 
these storms have reached the islands, however, they 
have weakened considerably, and pass harmlessly to 
the south or northeast. The exception was hurricane 
Iwa. During November, 1982, Iwa lashed part of 
Hawaii with 100-knot winds and huge surf, causing an 
estimated $312 million in damages. 


Hurricanes that formover the tropical North Atlan- - 


‘ tic also move westward or northwestward on a colli- 
“sion course with Central or North America. Most hur- 
ricanes, however, swing away from land and move 
wal to the coastline of the United : 

“States. A few storms, perhaps three per year, move in- 
land, bringing with them high winds, huge waves, and 
torrential rain that may last for days.* 

A hurricane moving northward over the Atlantic 
will normally survive as a hurricane for a longer time 


*Six hurricanes struck the United States mainland in 1985, a 70- 
year record. E y 
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than will its counterpart at the same latitude over the 
eastern Pacific. The reason is, of course, that the sur- 


face water of the Atlantic is much warmer. (See Chap- 


ter 12.) 


DESTRUCTION AND WARNING Whena hurricaneis ap- 


pee from the east, its highest winds are usually 


on its north (poleward) side. The reason for this phe- 
nomenon is that the winds that push the storm along 
add to the winds on the north side and subtract from 
the winds on the south. (equator) side. Hence, a hur- 
ricane with 110-knot winds 1 moving westward at 10 
knots will have 120-knot winds on its north side and 
only 100-knot winds on its south side. 

The same type of reasoning can be applied to a 
northward-moving hurricane. For example, as hur- 
ricane Gloria moved northward along the coast of Vir- 
ginia on the morning of September 27, 1985 (see Fig. 
17.7), winds of 75 knots were swirling counterclock- 
wise about its center. Because the storm was moving 
northward at about 25 knots, sustained winds on its 
eastern (right) side were about 100 knots, while on its 
western (left) side—on the coast—the winds were 


25 knots 


Max winds: Max winds: - 


VA 50 knots Y ~~ 100 knots 


FIGURE 17.7 Hurricane Gloria on the moming of September 27, 
1985. Moving northward at 25 knots, Gloria has sustained winds of 100 
knots onits right side and 50 knots onits left side. Se central Dass che 
of the storm is about 945 mb.) 
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only about 50 knots. Even so, these winds were strong 
enough to cause significant beach erosion along the 
coasts of Maryland, Delaware, and New Jersey. 

The high winds of a hurricane also generate large 
waves, sometimes 10 to 15 m high. These waves move 
outward, away from the storm, in the form of swells 
that carry the storm’s energy to distant beaches. Con- 
sequently, the effects of the storm may be felt days be- 
fore the hurricane arrives. 

Although the hurricane’s high winds inflict a great 
deal of damage, it is the huge waves, high seas, and 
flooding that cause most of the destruction.* The 
flooding is due, in part, to winds pushing water onto 
the shore and to the heavy rains, which may exceed 63 
cm (25 in.) in 24 hours. Flooding is also aided by the 
low pressure of the storm. The region of low pressure 
allows the ocean level to rise (perhaps half a meter), 
much like a soft drink rises. up a straw as air is with- 
drawn. (A 1-mb drop in air pressure produces a 1-cm 
rise in ocean level.) The combined effect of high water 
(which is usually well above the high-tide level) and 
high winds produces the storm su -an abnormal 
rise of several meters in the ocean le 
dates low-lying areas and turns beachfront homes into 
piles of splinters. The storm surge is particularly 


damaging when it coincides with normal high tides. 


Considerable damage may also occur from hur- 


, ; 
ricane-spawned tornadoes. The exact mechanism by 


which these tornadoes form is not yet known; how- 
ever, studies suggest that surface topography may play 


¿a role by initiating the convergence (and, hence, ris- 
ing) of surface air. Recent studies suggest that swath- 


like areas of extreme damage once attributed to tor- 
nadoes may actually be due to downbursts associated 
with the large thunderstorms around the eye wall. In 
addition, scientists studying hurricane Debby with 
Doppler radar in 1982 observed a mesocyclone (Chap- 
ter 16) in the southern part of the developing eye wall. 
With the aid of ship reports, satellites, radar, buoys, 
and reconnaissance aircraft, the location and intensity 
of hurricanes are pinpointed and their movements 
carefully monitored. When a hurricane poses a direct 


threat to an area, a hurricane watch is issued, if possi- 
ble several days before the storm arrives. When it ap- 


pears that the storm will strike an area within 24 
hours, a h irricane warning is issued by the National 


_ *Hurricanes are not without their beneficial aspect, as they can pro- 
vide much needed rainfall in drought-stricken areas. 


Hurricane Center in Coral Gables, Florida, or by the 

Pacific Hurricane Center in Honolulu, Hawaii. Along 

the east coast of North America from Eastport, Maine, 

to Brownsville, Texas, the warning is accompanied by 

a probability. The probability gives the percent chance: 
of the hurricane’s center passing within 105 km (65 

mi) of a particular community. The warning is de- 

signed to give residents ample time to secure property 

and, if necessary, to evacuate the area. . 

A hurricane warning is issued for a rather large 
coastal area, usually about 550 km (342 mi) in length. 
Since the average swath of hurricane damage is nor- 
mally about one-third this length, much of the area is 
“overwarned.” As a consequence, many people ina 
warning area feel that they are needlessly forced to 
evacuate. For example, approximately one million 
people were evacuated from low-lying Gulf coastal 
areas during the approach of hurricane Elena in 1985. 
However, this probably contributed to the fact that 
there were no deaths in the area of landfall.* 

As new hurricane-prediction models are imple- 
mented, and as our understanding of the nature of hur- 
ricanes increases, improved fórecasts of hurricane 
movement and intensification should become avail- 
able. 

Ample warning by the National Weather Service 
probably saved the lives of many people as hurricane 
Allen moved onshore along the south Texas coast dur- 
ing the morning of August 10, 1980 (Fig. 17.8). The 
storm formed over the warm, tropical Atlantic and 
moved westward on a rampage through the Caribbean, 
where it killed almost 300 people and caused exten- 
sive damage. After raking the Yucatan Peninsula with 
150-knot winds, Allen howled into the warm Gulf of 
Mexico. It reintensified and its winds increased to 160 
knots. Gale-force winds reached outward for 320 km 


- (200 mi) north of its center. As it approached the south 


Texas coast, it was one of the greatest storms to ever 
enter that area. The central pressure of the storm 
dropped to a low of 899 mb (26.55 in.). Up until this 
time, only the 1935 Labor Day storm that hit the 
Florida Keys with a pressure of 892 mb (26.35 in.) was 
stronger.t But its path became wobbly and it stalled 
offshore just long enough to lose much of its inten- 


*Landfall is the position along a coast where the center of a hur- 
ricane passes from ocean to land. 


. tDuring September, 1988, hurricane Gilbert, witha pressure of 888 _ 
‘mb (26.22 in.) set a low pressure record for hurricanes in the Atlan- 


tic, Carribean, and Gulf of Mexico. 


sity. It moved sluggishly inland on the morning of 
August 10. 

Once over land, it quickly became a tropical storm 
with peak winds of less than 50 knots. Before weaken- 
ing, however, Allen hammered the south Texas coast 
with winds of 100 knots. It spawned several tornadoes 
and swamped the area with high tides and flooding. In 
Corpus Christi, the storm felled trees and power lines; 
streets were flooded and marinas were littered with 
the wreckage of small boats. In all of this, only a few 
people lost their lives, as 200,000 were evacuated from 
the Texas coast many hours before the storm struck. 
Further inland, the remains of the storm dumped 
heavy rains over a wide area of southern Texas. This 
was a blessing for some because it marked a break in 
the summer-long drought; for others, it meant despair 
as they fled from swollen rivers that had overflowed 
their banks. 

A costlier hurricane (in terms of loss of life and total 
damage) occurred on August 18, 1983, when hurri- 
cane Alicia slammed into the Texas coast just south- 
west of Galveston. With winds of 100 knots, a central 
pressure of 962 mb, and a storm surge of at least 3 m 
(10 ft), Alicia uprooted trees, knocked out skyscraper 


windows, tossed hundreds of mobile homes about like. 


cardboard boxes, and flooded an extensive area. Total 


FIGURE 17.8 Hurricane Allen in the Gulf 
of Mexico on August 8, 1980. This large 
storm with its spiral cloud bands occupies 
most of the Gulf. Compare Allen’s size with 
the smaller hurricane positioned off the 
west coast of Mexico. 
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damage from Alicia was estimated at $2 billion, and 
21 persons lost their lives. 

In recent years, the hurricane death toll ‘fiche 
United States has averaged between 50 and 100 per- 
sons, although over 200 people died in Mexico when 
hurricane Gilbert slammed the Gulf Coast of Mexico 
during September, 1988. This relatively low total is 
partly due to the advance warning provided by the 
National Weather Service and to the fact that few 
really intense storms have reached land during the 
past 30 years. However, as the population density con- 
tinues to increase in vulnerable coastal areas, the po- 
tential for a hurricane-caused disaster continues toi in- 
crease also. 

Hurricane Camille (1969) sands out as one of | the 
most intense and devastating hurricanes to reach the 
coastline of the United States in recent decades. With 
a central pressure of 905 mb, tempestuous winds 
reaching 160 knots, and a storm surge more than 7 m 
(23 ft) above the normal high-tide level, Camille un- 
leashed its fury on Mississippi, destroying thousands 
of buildings. During its rampage, it caused an esti- 


-mated $1.5 billion in property damage and took more 


than 200 lives. In early September, 1979, hurricane 
Frederic struck the Gulf Coast: of Mississippi and 
Alabama with heavy rains and maximum sustained 


onshore. 
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FIGURE 17.9 A color enhanced infrared 
satellite photograph of hurricane Hugo 
with its eye over the coast near Charleston, 
South Carolina. Í 


FIGURE 17.10 Digitized radar display 
showing hurricane Hugo's eye and eye 
wall with its heavy precipitation (dark red 
area), as the center of the storm moves 


winds of 115 knots. The total damage in the United 
States attributed to this storm was nearly $2.3 billion. 
Luckily, the death toll was no more than 5 people. In 
June, 1972, hurricane Agnes caused over $2 billion in 
damage to Florida and to the northeastern United 
States. The damage was caused by flooding due to 
heavy rainfall that was estimated to be more than 28 
trillion gallons! Agnes’ death toll was 122. But these 
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hurricanes do not even come close to the costliest 
storm on record—that dubious distinction goes to 
hurricane Hugo. . 

During September, 1989, hurricane Hugo was born 
as a Cluster of thunderstorms became a tropical de- 
pression off the coast of Africa, southeast of the Cape 
Verde Islands. The storm grew in intensity, tracked 
westward for several days, then turned northwest- 


ward, striking the island of St. Croix with sustained 
winds of 125 knots. After passing over the eastern tip 
of Puerto Rico, this large, powerful hurricane took aim 
at the coastline of South Carolina. With maximum 
winds estimated at about 120 knots (138 mi/hr), anda 
central pressure near 934 mb, Hugo made landfall near 
Charleston, South Carolina, about midnight on Sep- 
tember 21st. (See Figs. 17.9 and 17.10.) The high 
winds and storm surge, which ranged between 2.5 and 
6 meters (8 and 20 feet), hurled a thundering wall of 
water against the shore. This knocked out power, 
flooded streets, and caused widespread destruction to 
coastal communities (Fig. 17.11). The total damage in 
the United States attributed to Hugo was over $7 bil- 
lion, with a death toll of 21 in the United States and 49 
overall. l i 

Before the era of satellites and radar, catastrophic 
losses of life had occurred. In 1900, about 6000 people 
lost their lives when a hurricane slammed into Galves- 
ton, Texas, with a huge storm surge. Most of the deaths 
occurred in the low-lying coastal regions as flood wa- 
‘ters pushed inland. In October, 1893, nearly 2000 
people perished on the Gulf Coast of Louisiana as a 
giant storm surge swept that region. Spectacular losses 
are not confined to the Gulf Coast. Nearly 1000 people 
lost their lives in Charleston, South Carolina, during 
‘August of the same year. But these statistics are small 
compared to the more than 300,000 lives taken as a 
killer cyclone and storm surge ravaged the coast of 
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Bangladesh with flood waters in 1970. Unfortunately, 
the potential for a repeat of this type of disaster re- 
mains high in Bangladesh, as many people live along 
the relatively low, wide flood plain that slopes out- 
ward to the Bay. And, historically, this region is in a 
path frequently taken by tropical cyclones. 

In an effort to estimate the possible damage a hur- 
ricane’s sustained winds and storm surge could do toa 
coastal area, the Saffir-Simpson scale was developed 
(see Table 17.1). The scale mumbers are based on ac- 
tual conditions at some time during the life of the 
storm. As the hurricane ‘intensifies or weakens, the 
scale number is reassessed accordingly. (For some in- 
formation on modifying hurricanes, see the Focus sec- 
tion on p. 455.) 


NAMING HURRICANES In reading the previous sec- 
tions, you noticed that hurricanes were assigned 
names. ( the 1 name is assigned when the storm reaches 
tropical storm strength.) Before this practice was 
started, hurricanes were identified according to their 
latitude and longitude. This method was confusing, 
especially when two or more storms were present over 
the same ocean. To reduce the confusion, hurricanes 
were identified by letters of the alphabet. During 
World War II, names like Able and Baker were used. 
(These names correspond to the radio code words as- 


FIGURE 17.11 Beachhomesat Folly Beach, South Carolina (a) before and (b) after hurricane Hugo. 
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TABLE 17.1 HE Saffir-Simpson Hurricane Damage-Potential Scale 


SCALE 
NUMBER CENTRAL PRESSURE WINDS STORM SURGE | 
(CATEGORY) mb in. mi/hr knots ft m DAMAGE 


=>980* >28.94 74-95 


damage mainly to trees, 
shrubbery, and unanchored 
mobile homes 


965-979 28.50-28.91 96—110 some trees blown down; 
major damage to exposed 
mobile homes; some dam- 


age to roofs of buildings 


3 945-964 27.91-28.47 111-130 96-113 9-12 ~2.5—4.0, foliage removed from trees; 
- large trees blown down; 
mobile homes destroyed; 
some structural damage to 
small buildings 
4 920-944 27.17-27.88 131-155 114-135 13-18 —4.0-5.5 all signs blown down; ex- 
tensive damage to roofs, 
windows, and doors; com- 
plete destruction of mobile 
homes; flooding inland as 
far as 10 km (6 mi); major 
damage to lower floors of 
structures near shore 


<920 RÍA 


>155 


severe damage to windows 

and doors; extensive dam- 

| age to roofs of homes and 
industrial buildings; small 
buildings overturned and 
blown away; major damage 
to lower floors of all struc- 
tures less than 4.5 m (15 ft) 
above sea level within 

500 mofshore 


*Symbol > means greater than; < means less than; > means equal to or greater than; ~ means approximately equal to. 


sociated with each letter of the alphabet.) This method From 1953 to 1977, only female names were used. 
also seemed cumbersome so, beginning in 1953, the However, beginning in 1978, hurricanes in the eastern 
National Weather Service began using female names Pacific were alternately assigned female and male 
to identify hurricanes. The list of names for each year names. This practice was started for North Atlantic 
was in alphabetical order, so that the name of the sea- hurricanes in 1979. Table 17.2 gives the proposed list 
son’s first storm began with the letter A, the second of names for both North ‘Atlantic and eastern Pacific 


with B, and so on. hurricanes. 


Because of the potential destruction and 
loss of lives that hurricanes can inflict, 
attempts have been made to reduce their 
winds by seeding them with silver iodide. 
The ideais to seed the clouds just outside 
the eye wall with just enough artificial ice 
nuclei so that the latent heat given off will 
stimulate cloud growth in this area of the 
storm. These clouds, which grow at the 
expense of the eye wall thunderstorms, 
actually form a new eye wall farther away 
from the hurricane's center. As the storm 
center widens, its pressure gradient 
should weaken, which may cause its 


NORTH ATLANTIC HURRICANE NAMES 


` FOCUS ON A SPECIAL TOPIC — 


MODIFYING HURRICANES 


spiraling winds to decrease in speed. 
During project STORMFURY, a joint effort 
of the National Oceanic and Atmospheric 
Administration (NOAA) and the U.S. Navy, 
several hurricanes were seeded by 
aircraft. In 1963, shortly after hurricane 
Beulah was seeded with silver iodide, 


- surface pressure in the eye began to rise 


and the region of maximum winds moved 
away from the storm’s center. Even more 
encouraging results were obtained from 
the multiple seeding of hurricane Debbie 
in 1969. After one day of seeding, Debbie 
showed a 30 percent reduction in 


TABLE 17.2 M Names for Hurricanes 
EASTERN PACIFIC HURRICANE NAMES 
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maximum winds. However, the question 
remains: Would the winds have lowered 
naturally had the storm not been seeded? 
A recent study even casts doubts upon 
the theoretical basis for this kind of 
hurricane modification because hur- 
ricanes appear to contain too little 
supercooled water and too much natural 
ice. Consequenily, there are many 
uncertainties about the effectiveness of 
seeding hurricanes in an attempt to 
reduce their winds. 


e a A o eio 


1991 
Ana 


=: Andrew 


1992 


1993 


Arlene 


Bob Bonnie Bret 
Claudette Charley Cindy 
Danny Danielle Dennis 
Erika Earl Emily | 
Fabian Frances Floyd 
Grace Georges Gert 
Henri Hermine Harvey 
Isabel Ivan Irene 
Juan Jeanne Jose 
Kate Karl Katrina 
Larry Lisa Lenny 
Mindy Mitch Maria 
Nicholas Nicole Nate 
Odette Otto Ophelia 
Peter Paula Philippe 
Rose Richard Rita 
Sam Shary Stan 
Teresa Tomas Tammy 
Victor - Virginie Vince 


Wanda 


Walter 


Wilma 


Zelda 


1994 1991 1992 1993 1994 
Alberto Andres Agatha Adrian Aletta 
Beryl Blanca Blas Beatriz Bud 
Chris Carlos Celia — Calvin Carlotta 
Debby Delores Darby Dora Daniel 
Ernesto Enrique Estelle Eugene Emilia 
Florence Fefa Frank Fernanda Fabio 
Gordon Guillermo Georgette Greg Gilma 
Helene ' Hilda Howard Hilary Hector 
Isaac Ignacio Isis Irwin Iva 
Joan Jimena Javier Jova John 
Keith Kevin Kay Knut Kristy 
Leslie Linda Lester Lidia Lane 

. Michael Marty Madeline Max Miriam 
Nadine Nora Newton Norma Norman 
Oscar Olaf Orlene Otis Olivia 

Patty . Pauline Paine Pilar Paul 
Rafael Rick Roslyn Ramon Rosa 
Sandy Sandra Seymour Selma Sergio 
Tony Terry Tina Todd Tara 
Valerie Vivian Virgil Veronica Vicente 
William Waldo Winifred Wiley Willa 

Xina Xavier Xina Xavier 
York Yolanda York Yolanda 
Zelda Zeke Zeke 
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Hurricanes are tropical cyclones with winds that ex- 


ceed 64 knots (74 mi/hr) and blow counterclockwise 
about their centers in the Northern Hemisphere. A 
hurricane consists of a mass of organized thunder- 
storms that spiral in toward the extreme low pressure 
of the storm's eye. The most intense thunderstorms, 
the heaviest rain, and the highest winds occur outside 
the eye, in the region known as the eye wall. In the eye 
itself, the air is warm, winds are light, and skies may 
be broken or overcast. 

Hurricanes are born over warm tropical waters 
where surface winds converge and thunderstorms be- 
come organized. Convergence may occur along the 


_ ITCZ, on the eastern side of an easterly wave, or along 


a front that has moved into the tropics from higher 
latitudes. If the disturbance becomes more organized, 
it becomes a tropical depression. If central pressures 
drop and surface winds increase, the depression be- 


4 


pad 


A 


comes a tropical storm. Some tropical storms continue 
to deepen into full-fledged hurricanes. 

The easterly winds in the tropics usually steer hur- 
ricanes westward. Most storms then gradually swing 
northwestward around the subtropical high to the 
north. If the storm moves into middle latitudes, the 
prevailing westerlies steer it northeastward. Because 
hurricanes derive their energy from the warm surface 
water and from the latent heat of condensation, they 
tend to dissipate rapidly when they move over cold 
water or over a large mass of land. 

Although the high winds of a hurricane can inflict a 
great deal of damage, it is the huge waves and the 


- flooding associated with the storm surge that cause the 


most destruction. The Saffir-Simpson hurricane scale 
was developed to estimate the potential destruction 
that a hurricane can cause. 


_ E KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 


viewing the material covered in this chapter. 


| 


streamlines eye wall storm surge 
easterly wave trade wind inversion hurricane watch 
hurricane tropical disturbance hurricane warning 
typhoon tropical depression 


eye (of hurricane) tropical storm 


m QUESTIONS FOR REVIEW 


1. What are easterly waves and how do they gener- 
ally move? 

2. Why are bn rather than isobars, used on 
surface weather maps in the tropics? 

3. In yourown words, what is a hurricane? 

4. Where do hurricanes derive their energy? 

5. Describe the horizontal and vertical structures ofa 
hurricane. 

6. What conditions at the surface and aloft are most 
conducive for the formation of a hurricane? 

7. What factors tend to weaken hurricanes? 


Saffir-Simpson scale 


8. Distinguish among a tropical disturbance, a tropi- 
cal depression, a tropical storm, and a hurricane. 
9. In what ways is a hurricane different from a mid- 
latitude cyclone? In what ways are these two sys- 
tems similar? 
10. Why do most hutricanes: move westward over 
tropical waters? 
11. Ifthe high winds ofa hurricane are not responsible 
for inflicting the most damage, what is? 
12. Explain how a storm surge forms. 
13. Why have hurricanes been seeded with silver 
iodide? 


14. Give two reasons why hurricanes are more likely 
to strike New Jersey than Oregon. 


1 QUESTIONS FOR THOUGHT 


1. Why are hurricanes more apt to form in October 
than in May? 
2. Would it be possible for a Burien to form in the 
- tropical North Atlantic or North Pacific during De- 
cember? Explain. 
3. Would the winds of a hurricane decrease more 


quickly as the storm moves over cooler water or ` 


over warmer land? Explain. 

4. Explain why the surface water temperature of the 
ocean is usually cooler after the passage of a hur- 
ricane. i 

5. Suppose, in the North Atlantic, an eastward- 


moving ocean vessel is directly in the path of a 


westward-moving hurricane. What would be the 
ship’s wisest course—to veer to the north of the 
storm or to the south of the storm? Explain. 

6. Suppose this year five tropical storms develop into 
full-fledged hurricanes over the North Atlantic 
Ocean. Would the name of the third hurricane 
begin with the letter “C”? Explain. 


l PROBLEMS AND EXERCISES 


1. A hurricane just off the coast of northern Florida is 
moving northeastward, parallel to the eastern sea- 
board. Suppose that you live in North Carolina 
along the coast: 
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(a) How will the surface winds in your area change 
direction as the hurricane’s center passes due 
east of you? Illustrate your answer by making a 
sketch of the hurricane’s movement and the 
wind flow around it. 
If the hurricane passes east of you, the strongest 
winds would most likely be blowing from 
which direction? Explain your answer. (As- 
sume that the storm does not weaken as it 
moves northeastward.) 
(c) The lowest sea level pressure would most 
likely occur with which wind direction? Ex- 
plain. 


(b 


y 


. Use the Saffir-Simpson hurricane scale (Table 17.1, * 


p. 454) and the text material to determine the cate- 

gory of each of the following hurricanes: 

(a) hurricane Gloria in Fig. 17.7, p. 449. 

(b) hurricane Allen in the Gulf of SARRE on Au- 

gust 9, 1980, p. 450. 

(c) hurricane Alicia before landfall on august 18, 
1983, p. 451. 

(d) hurricane Camille before landfall in 1969, ' 
p. 451. | 

(e) hurricane Hugo before landfall on September 
21, 1989, p. 453. 


i 


The cool summer climate near the top of the Minarets in the Sierra Nevada allows winter 
snow to survive in sheltered coves and valleys. Aftemoon thunderstorms that build along the 
windward slopes produce ample summer rains. However, just a few hundred kilometers to 
the east and a few thousand meters lower in elevation, the climate is hot (with afternoon 
Summer temperatures hovering near 40°C or 104°F) and dry (as the region is in the rain 
shadow of this mountain range). (Photo: T. Ansel Toney) 
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GLOBAL CLIMATE 


The climate is unbearable . . . At noon today the highest 
temperature measured was —33°C. We really feel that it is late 
inthe season. The days are growing shorter, the sun is lowand | 
gives no warmth, katabatic winds blow continuously from the 
south with gales and drifting snow. The inner walls of the tent 
are like glazed parchment with several millimeters thick 
ice-armour . . . Every night several centimeters of frost 
accumulate on the walls, and each time you inadvertently touch 
the tent cloth a shower of ice crystals fall down on your face and 
melt. In the night huge patches of frost from my breath spread. - 
around the opening of my sleeping bag and melt in the moming. 
The shoulder part of the sleeping bag facing the tent-side is 
permeated with frost and ice, and crackles when | roll up the 
bag... For several weeks now my fingers have been perma- 
nently tender with numb fingertips and blistering at the nails 
after repeated frostbites. All food is frozen to ice and it takes _ 
ages to thaw out everything before being able to eat. At the 
depot we could not cut the ham, but had to chop it in pieces 
with a spade. Then we threw ourselves hungrily at the chunks 
and chewed with the ice crackling between our teeth. You have 
to be careful with what you put in your mouth. The other day 

| put a piece of chocolate from an outer pocket directly in my 
mouth and promptly got frostbite with blistering of the palate. 


Ove Wilson. (Quoted in David M. Gates, Man and His Environment.) 


Our opening comes from a report by Norwegian scien- 
tists on their encounter with one of nature’s cruelest 
climates—that of Antarctica. Their experience illus- 
trates the profound effect that climate can have on 
even ordinary events, such as eating a piece of choco- 
late. Though we may not always think about it, climate 
profoundly affects nearly everything in the middle 
latitudes, too. For instance, it influences our housing, 
clothing, the shape of landscapes, agriculture, how we 
feel and live, and even where we reside, as most 
people will choose to live on a sunny hillside rather 
than in a cold, dark, and foggy river basin. Entire 
civilizations have flourished in favorable climates and 
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have moved away from, or perished in, unfavorable 
ones. We learned early in this text that climate is the 
average of the day-to-day weather over a long dura- 
tion. But the concept of climate is much larger than 
this, for it encompasses, among other things, the daily 


and seasonal extremes of weather within specified — 


areas. 

When we speak of climate, then, we must be careful 
to specify the spatial location we are talking about. For 
example, the Chamber of Commerce of a rural town 
may boast that its community has mild winters with 
air temperatures seldom below freezing. This may be 
true several meters above the ground in an instrument 
shelter, but near the ground the temperature may drop 


below freezing on many winter nights. This small cli- _ 


matic region near or on the ground is referred to as a 
microclimate. Because a much greater extreme in 
daily air temperatures exists near the ground than sev- 
eral meters above, the microclimate for small plants is 
far more harsh than the thermometer in an instrument 


‘shelter would indicate. 


When we examine the climate of a small area of the 
earth’s surface, we are looking at the mesoclimate. The 
size of the area may range from a few acres to several 
square kilometers. Mesoclimate includes regions such 


_as forests, valleys, beaches, and towns. The climate of 


a much larger area, such as a state or a country, is 


called macroclimate. The climate extending over the 


entire earth is often referred to as global climate. 

< In this chapter, we will concentrate on the larger 
scales of climate. We will begin with the factors that 
regulate global climate, then we will discuss how cli- 


mates are classified. Finally, we will examine the dif- 


ferent types of climate. 


E A WORLD WITH MANY CLIMATES 


The world is rich in climatic types. From the teeming 
tropical jungles to the frigid polar “wastelands,” there 
seems to be an almost endless variety of climatic re- 
gions.. The factors that produce the climate in any 
given place—the climatic controls—are the same that 
produce our day-to-day weather. Briefly, the controls 
are the: 


1. intensity of sunshine and its variation with latitude 
2. distribution of land and water. | 

3. ocean currents — 

4. prevailing winds 


5. positions of high- and low-pressure areas 
6. mountain barriers 


7. altitude 


We can ascertain the effect these controls have on 
climate by observing the global patterns of two weath- 
er elements—temperature and precipitation. 


GLOBAL TEMPERATURES Figure 18.1 shows mean an- 
nual temperatures for the world. To eliminate the dis- 
torting effect of topography, the temperatures are cor- 
rected to sea level.* Notice that in both hemispheres 
the isotherms are oriented east-west, reflecting the fact 
that locations at the same latitude receive nearly the 
same amount of solar energy. In addition, the annual 
solar heat that each latitude receives decreases from 
low to high latitude; hence, annual temperatures tend 
to decrease from equatorial toward polar regions.t 
The bending of the isotherms along the coastal mar- 
gins is due in part to the unequal heating and cooling 
properties of land and water, and to ocean currents 
and upwelling. For example, along the west coast of 
North and South America, ocean currents transport 
cool water equatorward. In addition to this, the wind 
in both regions blows toward the equator, parallel to 
the coast. This situation favors upwelling of cold 
water (Chapter 12), which cools the coastal margins. 
In the area of the eastern North Atlantic Ocean (north 
| of 40°N), the poleward bending of the isotherms is due 
to the Gulf Stream and the North Atlantic Drift, which 
carry warm water northward. . 
The highest mean temperatures occur in the sub- 
tropical deserts of the Northern Hemisphere. Here, the 
subsiding air associated with the subtropical anticy- 


_ Clones produces generally clear skies and low humid- 


ity. In summer, the high sun beating down upon a rel- 
atively barren landscape produces scorching heat. 
The lowest mean temperatures occur in the Antarc- 
tic. During part of the year, the sun is below the hori- 
zon; when it is above the horizon, it is low in the sky 
and its rays do not effectively warm the surface. Con- 
sequently, the land remains snow- and ice-covered 
year-round. The snow and ice reflect perhaps 80 per- 


*This correction is made by adding to each station above sea level 
an amount of temperature that would correspond to the normal 
temperature lapse rate of 6.5°C per 1000 meters (3.6°F per 1000 ft). 


tAverage global temperatures for January and July are given in 
Figs, 4.19 and 4.20, respectively, on pp. 98 and 99. ` 
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FIGURE 18.1 Average annual sea level temperatures throughout the world (°F). 


cent of the sunlight that reaches the surface. Much of 
the unreflected solar energy is used to transform the 
ice and snow into water vapor. The relatively dry air 
and the Antarctic’s high elevation permit rapid radia- 
tional cooling during the dark winter months, produc- 
ing extremely cold surface air. (Additional informa- 
tion on temperature extremes is given in the Focus 
section on p. 465.) 


GLOBAL PRECIPITATION Figure 18.2 shows the 
worldwide general pattern of annual precipitation, 
which varies from place to place. There are, however, 
certain regions that stand out as being wet or dry. For 
example, equatorial regions are typically wet, while 
the subtropics and the polar regions are relatively dry. 
The global distribution of precipitation is closely tied 


to the general circulation of the atmosphere (Chapter 


12) and to the distribution of mountain ranges and 
high plateaus. 

Figure 18.3 shows in simplified form how the gen- 
eral circulation influences the north-to-south distribu- 
tion of precipitation to be expected on a uniformly 
water-covered earth. Precipitation is most abundant 


where the air rises; least abundant where it sinks. 
Hence, one expects a great deal of precipitation in the 
tropics and along the polar front, and little near sub-. 
tropical highs and at the poles. Let’s look at this in 
more detail. 

In tropical regions, the trade winds converge alone 


_the Intertropical Convergence Zone (ITCZ), producing 


rising air, towering clouds, and heavy precipitation all 
year long. Poleward of the equator, near latitude 30°, 
the sinking air of the subtropical highs produces a 
“dry belt” around the globe. The Sahara Desert of 
North Africa is in this region. Here, annual rainfall is 
exceedingly light and varies considerably from year to 
year. Because the major wind belts and pressure sys- 
tems shift with the season—northward in July and 
southward in January—the area between the rainy 
tropics and the dry subtropics is influenced by both 
the ITCZ and the subtropical highs. 

In the cold air of the polar regions there is little 
moisture, so there is little precipitation. Winter storms 
drop light, powdery snow that remains on the ground 
for a long time because of the low evaporation rates. In 
summer, a ridge of high pressure tends to block storm 


(text continues on p. 464.) 
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FIGURE 18.2 Annual global pattem of precipitation. 
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FIGURE 18.3 Avertical cross section along a North 
line running north to south illustrates the main Pole 60 
global regions of rising and sinking air and how n 

each region influences precipitation. 


Polar Polar 
high front high 


systems that would otherwise travel into the area; 


hence, precipitation in polar regions is meager in all 


seasons. ` i 


There. are exceptions to this idealized pattern. For | 
example, in middle latitudes the migrating position of 


the subtropical anticyclones also has an effect on the 


west-to-east distribution of precipitation. The sinking 


air associated with these systems is more strongly de- 


veloped on their eastern side. Hence, the air along the 
eastern side of an anticyclone tends to be more stable; 


it is also drier, as cooler air moves equatorward be- 
cause of the circulating winds around these systems. 
In addition, along coastlines, cold upwelling water 
cools the surface air even more, adding to the air’s sta- 


bility. Consequently, in summer, when the Pacific. 


high moves to a position centered off the California 
coast, a strong, stable subsidence inversion forms 
above coastal regions. With the strong inversion and 
the fact that the anticyclone tends to steer storms to 


the north, central and southern California areas ex- - 


perience little, if any, rainfall during the summer 
months. ` tl de ten É i 


~ On the western side of subtropical highs, the airis. 
less stable and more moist, as warmer air moves pole- . 
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ward. In summer, over the North Atlantic, the Ber- 
muda high pumps moist tropical air northward from 
the Gulf of Mexico into the eastern two-thirds of the 
United States. The humid air is conditionally unstable 
to begin with, and by the time it moves over the heated 
ground, it becomes even more unstable. If conditions 
are right, the moist air will rise and. condense into 
cumulus clouds, which may build into towering thun- 

In winter, the subtropical North Pacific high moves 
south, allowing storms traveling across the ocean to 
penetrate the western states, bringing much needed 


rainfall to California after a long, dry summer. The: 


Bermuda high also moves south in winter. Across 
much of the United States, intense winter storms de- 
velop and travel eastward, frequently dumping heavy 


_ precipitation as they go. Usually, however, the 


heaviest precipitation is concentrated in the eastern 
states, as moisture from the Gulf of Mexico moves 


- northward ahead of these systems. Therefore, cities on 


the plains typically receive more rainfall in summer, 


_ those on the west coast have maximum precipitation 


in winter, while cities in the midwest and east usually 
have abundant precipitation all year long. The con- 


Most people are aware of the extreme 
heat that exists during the summer in the 
desert southwest of the United States. 
But how hot does it get there? On July 10, 
1913, Greenland Ranch in Death Valley, 
Califomia, reported the highest tempera- 
ture ever observed in North America: 
57°C, or 134°F. Here, air temperatures 
are persistently hot throughout the 
summer, with the average maximum for 
July being 47°C (116°F). During the 
summer of 1917, there was an incredible 
period of 43 consecutive days when the 
maximum temperature reached 49°C 
(120°F) or higher. 

Probably the hottest urban area in the 
United States is Yuma, Arizona. Located 
along the California—Arizona border, 
Yuma's high temperature during July — 
averages 42°C (108°F). In 1937, the high 
reached 38°C (100°F) or more for 101 
consecutive days. 

In a more humid climate, the maximum 
temperature rarely climbs above 41°C 
(106°F). However, during the record heat 
wave of 1936, the air temperature 
reached 49°C (121°F) near Alton, Kansas. 


And during the heat wave of 1983, which 


destroyed about $7 billion in crops and 
increased the nation’s air-conditioning bill 
by an estimated $1 billion, Fayetteville 
reported North Carolina’s all-time record 
high temperature when the mercury hit 
43°C (110°F). During the same year, West 


- Germany recorded its hottest day ever 


when the thermometer at Ihringen 
reached 40°C (104°F). 

These readings, however, do not hold a 
candle to the hottest place in the world. 
That distinction probably belongs to 
Dallol, Ethiopia. Dallol is located south of 
the Red Sea, near latitude 12°N, in the 
hot, dry Danakil Depression. A prospect- 


_ ing company kept weather records at 


Dallol from 1960 to 1966. During this time, 
the average daily maximum temperature 


~ exceeded 38°C (100°F) every month of 


FOCUS ON A SPECIAL TOPIC 


THE HOTTEST AND COLDEST PLACES ON EARTH 


TABLE 1 M Some Record High Temperatures Throughout the World 


RECORD HIGH 
TEMPERATURE 


LOCATION 
(LATITUDE) CC) CP) 
El Azizia, Libya 58 136 
(32°N) 
Death Valley, Calif. 57 134 
(36°N) 
Tirat Tsvi, Israel (322N) 54 129 
Cloncurry, Queensland 53 128 
(21°S) 


Seville, Spain (37°N) 50 122 
Rivadavia, Argentina 49 120 
(35°S) 


Midale, SEA 45. 113 
(49°N) 


Fort Yukon, Alaska 38 100 
(66°N) 


Pahala, Hawaii (19°N) 38 100 


Esparanza, Antarctica 14 58 
(63°S) 


- the year, except during December and 


January, when the average maximum 
lowered to 37°C (98°F) and 36°C (97°F), 
respectively. On many days, the air 
temperature exceeded 49°C (120°F). The 
average annual temperature for the six 
years at Dallol was 34°C (94°F). In 


comparison, the average annual 


temperature in Yumais 23°C (74°F) and at 
Death Valley, 24°C (76°F). The highest 
temperature reading on earth (under 


_ standard conditions) occurred about 


3500 km northeast of Dallol at El Azizia, 
Libya (82°N), when, on September 13, 
1922, the temperature reached a 
scorching 58°F (136°F). (Table 1 gives 


_ record high temperatures throughout the 


world.) ' 
One of the coldest spots in the United 
States is International Falls, Minnesota, 
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RECORD FOR: 


The world September 13, 1922 
Western July 10,1913 
Hemisphere 

Middle East June 21, 1942 
Australia January 16, 1889 
Europe August 4, 1881 


South America December 11,1905 


Canada July 5, 1937 
Alaska June 27,1915 
Hawaii April 27, 1931 
Antarctica October 20, 1956 


where the average temperature for 
January is — 16°C (8°F). Located about 
400 km (250 mi) to the south, Min- 
neapolis—St. Paul, with an average - 
temperature of —9°C (16°F) for the three 
winter months, is the coldest major urban 
areain the nation. For duration of extreme 
cold, Minneapolis reported 186 consecu- 
tive hours of temperatures below —18°C 
(0°F) during the winter of 1911-1912. 
Within the 48 adjacent states, however, 
the record for the longest duration of 
severe cold belongs to Langdon, North 
Dakota, where the thermometer 
remained below —18°C (0°F) for 41 
consecutive days during the winter of 


. 1936. The official record for the lowest 


temperature in the 48 adjacent states 
belongs to Rogers Pass, Montana, where. 
_ {con tinued on next page) 
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FOCUS ON A SPECIAL TOPIC 


f THE HOTTEST AND COLDEST PLACES ON EARTH, continued 


on the moming of January 20, 1954, the 
mercury dropped to —57°C (—70°F). The 
lowest official temperature for Alaska, 
—62°C (—80°F), occurred at Prospect 
Creek on January 23, 1971. 

The coldest areas in North America are Vostok, Antarctica 
found in the Yukon and Northwest (7298) 
Territory of Canada. Resolute, Canada 
(latitude 75°N), has an average tempera- 
ture of —32°C (—26°F) for the month of 
January. 

` The coldest winters in the Northern 

Hemisphere are found in the interior of 
Siberia and Greenland. For example, the 
average January temperature in Yakutsk, (66°N) 
USSR (latitude 62°N), is —43°C (—46°F). 
There, the mean temperature for the (47°N) 
entire year is a bitter cold — 11°C (12°F). At 
Eismitte, Greenland, the average 
temperature for February (the coldest 
month) is —47*C (—53°F), with the mean 
annual temperature being a frigid —30°C 
(—22°F). Even though these temperatures 
are extremely low, they do not come close 
to the coldest area of the world: the (20°N) 
Antarctic. l 

At the geographical South Pole, nearly 

- 2800 m (9200 ft) above sea level, where 

the Amundsen-Scott scientific station has 


LOCATION 
(LATITUDE) 


Verkhoyansk, USSR 
(67°N) 


Northice, Greenland 
(72°N) 


Snag, Yukon (62°N) 


(34°S) | 


Charlotte Pass, 
Australia (36°S) 


Prospect Creek, Alaska 
Rogers Pass, Montana 
Sarmiento, Argentina 


Ifrane, Morocco (33°N) Africa 


Mt. Haleakala, Halvaii 


RECORD LOW 
TEMPERATURE 


(°C) (°F) RECORD FOR: 


The world August 24,1960 


Northern 
Hemisphere 


February 7, 1892 
Greenland January 9, 1954 


February 3, 1947 
January 23, 1971 


North America 
Alaska 


U.S. (exclud- 
ing Alaska) 


January 20, 1954 


South America June1,1907 


February 11, 1935 


Australia July 22, 1949 


Hawaii January 2, 1961 


been keeping records for more than 25 
years, the average temperature for the 
month of July (winter) is —59*C (—74*F) 
and the mean annual temperature is 
—49°C (—57°F). The lowest temperature 


ever recorded there (— 83°C; or —117°F) 
occurred under clear skies with a light 
wind on the moming of June 23, 1983. 
Cold as it was, it was not the record low 
for the world. That belongs to the Soviet 


station at Vostok, Antarctica (latitude 
72°S), where the temperature plummeted 
to —88°C (—127°F) on August 24, 1960. 
(See Table 2 for record low temperatures 
throughout the world.) 


trast in seasonal precipitation among a west coast city 
(San Francisco), a central plains city (Kansas City), 
and an eastern city (Baltimore) is clearly shown in Fig. 
18.4. 

Mountain ranges disrupt the idealized pattern of 
global precipitation (1) by promoting convection (be- 
cause their slopes are warmer than the surrounding 


air) and (2) by forcing air to rise along their windward 
slopes (orographic uplift). Consequently, the wind- 
ward side of mountains tends to be “wet.” As air de- 
scends and warms along the leeward side, there is less 
likelihood of clouds and precipitation. Thus, the lee- 
ward side of mountains tends to be “dry.” As Chapter 
8 points out, a region on the leeward side of a moun- 


FIGURE 18.4 Variation in annual precipita- 
tion for three Northern Hemisphere cities. 
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FIGURE 18.5 The effect of topography 
on average annual precipitation along a 
line running from the Pacific Ocean 
through central Califomia into western ! 
Nevada. l W 
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tain where precipitation is noticeably less is called a 
rain shadow. 

A good example of the rain shadow effect occurs in 
the northwestern part of Washington State. Situated 
on the western (windward) side at the base of the 
Olympic Mountains, the Hoh River Valley receives an 
average 380 cm (150 in.) of precipitation. On the east- 
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ern (leeward) side of this range, only about 100 km (62 
mi) from the Hoh rain forest, the mean annual precipi- 
tation is less than 43 cm (17 in.), and irrigation is 
necessary to grow certain crops. Figure 18.5 shows a 
classic example of how topography produces several * 
rainshadow effects. (More information on wet and dry 
regions is provided in the Focus section on p. 470.) 
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E CLIMATIC CLASSIFICATION 


The climatic controls interact to produce such a wide 
array of different climates that no two places experi- 
ence exactly the same climate. However, the similarity 
of climates within a given area allows us to divide the 
earth into climatic regions. l 


THE ANCIENT GREEKS By considering temperature 
and worldwide sunshine distribution, the ancient 
Greeks categorized the world into three climatic 
regions: 


1. A low-latitude torrid zone; bounded by the north- 
ern and southern limit of the sun’s vertical rays 


(23/%N and 231⁄2°S); here, the noon sun is always: 


- high, day and night are of nearly equal length, and it 
is warm year-round. 

. A high-latitude polar (or frigid) zone; bounded by 
the Arctic or Antarctic Circle; cold all year long due 
to long periods of winter darkness and a low sum- 
mer sun. | 

3. A temperate zone; sandwiched between the other 

two zones; has distinct summer and winter, so 
exhibits characteristics of both extremes. 


Such a sunlight, or temperature-based, climatic 
scheme is, of course, far too simplistic. It excludes pre- 


cipitation, so there is no way to differentiate between - 


wet and dry regions. The best classification of climates 
would take into account as many meteorological fac- 
tors as can possibly be obtained. 


THE KÓPPEN SYSTEM A widely used classification of 


world climates based on the annual and monthly aver- 
ages of temperature and precipitation was devised by 


the famous German scientist Waldimir Köppen | 


(1846-1940). Initially published in 1918, the original 
Kóppen classification system has since been modified 


“and refined. Faced with the lack of adequate observing 


stations throughout the world, Kóppen related the dis- 
tribution and type of native vegetation to the various 
climates. In this way, climatic boundaries could be ap- 
proximated where no climatological data were avail- 
able. 

Kóppen's scheme employs five major climatic 
types; each type is designated by a capital letter: 


A Tropical moist climates: All months have an aver- 


age temperature above 18°C (64°F). Since all | 


months are warm, there is no real winter season. 


B Dry climates: Deficient precipitation most of the 
year. Potential evaporation and transpiration ex- 
ceed precipitation. 


C Moist mid-latitude climates with mild winters: 


Warm-to-hot summers with mild winters. The av- 
erage temperature of the coldest month is below 
18°C (64°F) and above —3°C (27°F). 

D Moist mid-latitude climates with severe winters: 
Warm summers and cold winters. The average 
temperature of the warmest month exceeds 10°C 
(50°F), and the coldest monthly average drops 
below —3°C (27°F). f 

E Polar climates: Extremely cold winters and sum- 
mers. The average temperature of the warmest 
month is below 10°C (50°F). Since all months are 
cold, there is no real summer season. 


Each group contains subregions that describe spe- 
cial regional characteristics, such as seasonal changes 
in temperature and precipitation. (See Table 18.1.) In 
mountainous country, where rapid changes in eleva- 
tion bring about sharp changes in climatic type, de- 
lineating the climatic regions is impossible. These re- 
gions are designated by the letter H, for highland cli- 
mates. 

Kóppen's system has been criticized primarily be- 
cause his boundaries (which relate vegetation to 
monthly temperature and precipitation values) do not 


| correspond to the natural boundaries of each climatic 


zone. In addition, the Kóppen system implies that 
there is a sharp boundary between climatic zones, 
when in reality there is a gradual transition. 

_ The Kóppen system has been revised several times, 
most notably by the German climatologist Rudolf 


- Geiger, who worked with Köppen on amending the 


climatic boundaries of certain regions. A popular 
modification of the Kóppen system was developed by 
the American climatologist Glenn T. Trewartha, who 
redefined some of the climatic types and altered the 
climatic world map by putting more emphasis on the 


-lengths of growing seasons and average summer tem- 


peratures. 


THORNTHWAITE'S SYSTEM To correct some of the 
Kóppen deficiencies, the American climatologist 
C. Warren Thornthwaite (1899-1963) devised a new 
classification system in the early 1930s. Both systems 
utilized temperature and precipitation measurements 
and both related natural vegetation to climate. How- 
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TABLE 18.1 WŒ Koppen’s Climatic Classification System 


LETTER SYMBOL 
3rd 


CLIMATIC 
CHARACTERISTICS 


CRITERIA 


Humid tropical _ All months have an average temperature of 18°C (64°F) or higher 

Tropical wet (rain forest) Wetall seasons; all months have at least 6 cm (2.4 in.) of rainfall 

Tropical wet and dry Winter dry season; rainfall in driest month is less than 6 cm (2.4 in.) and less than 
(savanna) 10 —P/25 (Pis mean annual rainfall incm) 

Tropical monsoon Short dry season; rainfall in driest month is less than 6 cm (2.4 in.) but equal to or 


greater than 10 —P/25 


Potential evaporation and transpiration exceed precipitation. The dry/humid boun- 
dary is defined by the following formulas: 
p = 2t + 28 when 70% or more of rain falls in warmer 6 months (dry winter) _ 
p = 2t when 70% or more of rain falls in cooler 6 months (dry summer) 
p = 2t + 14 when neither half year has 70% ‘or more of rain (p is the mean annual 
precipitation in cm and tis the mean annual temperature in °C)* 


Semiarid (steppe) The BS/BW boundary is exactly /2 the dry/humid boundary 
Arid (desert) - 
Hot and dry Mean annual temperature is 18°C (64°F) or higher 


Cooland dry 


Moist with mild winters 


Mean annual temperature is below 18°C (64°F) 


Average temperature of coolest month is below 18°C (64°F) and above —3°C (27°F) 


Dry winters Average rainfall of wettest summer month at least 10 times as much as in driest 
winter month 

Dry summers Average rainfall of driestsummer month less than 4 cm (1.6 in.); average rainfall of 

wettest winter month at least 3 times as much as in driest summer month 

Wetall seasons Criteria for w and s cannot be met 

Summers long and hot Average temperature of warmest month above 22°C (72°F); at least 4 months with 
average above 10°C (50°F) 

Summers long and cool Average temperature of all months below 22°C (72°F); at least 4 months with average 
above 10°C (50°F) 

Summers short and cool Average temperature of all months below 22°C (72°F); 1 to 3 months with average 


above 10°C (50°F) 


Average temperature of coldest month is —3°C (27°F) or below; average temperature - 


Moist with cold winters 
of warmest month is greater than 10°C (50°F) 


Dry winters Same as underC 

Dry summers Same as under C 

Wet all seasons Same as under C 

Summers long and hot SameasunderC — 

Summers long and cool Same as under CG 

Summers short and cool Same as under C 

Summers short and cool; Average temperature of coldest month is —38°C (— 36°F) or below 

winters severe 


Polar climates Average temperature of warmest month is below 10°C (50°F) 

Tundra Average temperature of warmest month is greater than 0°C (32°F) but less than 10°C 
(50°F) | 

Average temperature of warmest month is 0°C (32°F) orbelow 


Ice cap 


*The dry/humid boundary is defined in English units as: p = 0.44t —3 (dry winter); p = 0.44t —14 (dry summer); and p = 0.44t —8.6 
(rainfall evenly distributed). Where p is mean annual rainfall in inches and t is mean annual temperature in °F. 
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Most of the “rainiest” places in the world 
are located on the windward side of 
mountains. For example, Mount 
Waialeale on the island of Kauai, Hawaii, 
has the greatest annual average rainfall on 
record: 1168 cm (460 in.). Cherrapunji, on 
the crest of the southem slopes of the 


Khasi Hills in northeastern India, receives | 


an average of 1080 cm (425 in.) of rainfall 


- each year, the majority of which falls 


during the summer monsoon, between 
April and October. Cherrapunji, which 


- holds the greatest twelve-month rainfall 


total of 2647 cm (1042 in.), once received 


. 380 cm (150 in.) of rain in just five days. 


Record rainfall amounts are often ' 
associated with tropical storms. On the 


LOCATION : 
(LATITUDE) 


Unionville, Maryland 


Bataques, Mexico 


Mt. Ranier, Washington 


Colorado 


TABLE3 MH Some Precipitation Records Throughout the World 


Cherrapunji, India 2647 
Mt. Waialeale, Hawaii 1168 
` Cherrapunji, India 930 
Belouve, La Réunion Island 135 
Alvin, Texas 109 
Holt, Missouri 30 


Arica, Chile 0.08 
Bagdad, California 0.0 
Paradise Ranger Station, 2850 


Tamarack, California 991 
Mt. Shasta Ski Bow], California 480 
Silverlake, Boulder, 193. 
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FOCUS ON A SPECIAL TOPIC 


PRECIPITATION EXTREMES 


island of La Réunion (about 650 km east 
of Madagascar in the Indian Ocean), a. 
tropical cyclone dumped 135 cm (53 in.) 


of rain on Belouve in twelve hours. Heavy 


rains of short duration often occur with 
severe thunderstorms that move slowly or 
stall over a region. On July 4, 1956, 3 cm 
(1.2 in.) of rain fell from a thunderstorm on 
Unionville, Maryland, in one minute. 
Snowfalls tend to be heavier where 
cool, moist air rises along the windward 
slopes of mountains. One of the snowiest 
places in North America is located at the 
Paradise Ranger Station in Mt. Rainier 
National Park, Washington. Situated at an 
elevation of 1646 m (5400 ft) above sea 
level, this station receives an average 


~ AMOUNT 
(cm) 


(in) 


460 World's greatest annual average 
rainfall 
366 Greatest one-month rainfall total July, 1861 
53 Greatest 12-hour rainfall total February 28, 1964 
_ 43 _ Greatest 24-hour rainfall totalin U.S. July 25,1979 
12 Greatest 42-minute rainfall total June 22, 1947 
tz Greatest one-minute rainfall total July 4, 1956 
1.2 Lowest annual average rainfall in 
Northern Hemisphere 
0.03 Lowest annual average rainfall in the 
world 
0.0 Longest period without measurable August 1909 
precipitation in U.S. (993 days) to May 1912 
1122 Greatest annual snowfallin U.S. 1971-1972 
390 Greatest snowfall in one month January, 1911 
189 Greatest snowfall ina single storm February 13—19, 1959 
76 Greatest snowfall in 24 hours April 14-15, 1921 


REMARKS 


Greatest one-year rainfall total 


1575 cm (620 in.) of snow annually. _ 
However, a record 2850 cm (1122 in.) 
was received during the winter of 
1971-1972. 

As we noted earlier, the driest regions of 
the world lie in the frigid, polar region, the 
leeward side of mountains, and in the belt 
of subtropical high pressure, between 15° 
and 30° latitude. Arica in northern Chile 
holds the world record for lowest annual 
rainfall, 0.08 cm (0.03 in.). In the United 
States, Death Valley, Califomia, averages 
only 4.5 cm (1.78 in.) of precipitation 


. annually. Table 3 gives additional 


information on world precipitation 
records. 


ever, to emphasize the importance of precipitation (P) 
and evaporation (E) on plant growth, Thornthwaite 
developed a P/E ratio, which is essentially monthly 
precipitation divided by monthly evaporation. The 
annual sum of the P/E ratios gives the P/E index. Using 


this index, the Thornthwaite system defines five major 


humidity provinces and their characteristic vegeta- 
tions: rain forest, forest, grassland, steppe, and desert. 

To better describe the moisture available for plant 
growth, Thornthwaite proposed a new classification 
system in 1948 and slightly revised it in 1955. His new 
scheme emphasized the concept of potential evapo- 
transpiration* (PE), which is the amount of moisture 
that would be lost from the soil and vegetation if the 
moisture were available. 

Thornthwaite incorporated potential evapotranspi- 
ration into a moisture index that depends essentially 
on the differences between precipitation and PE. The 
index is high in moist climates and negative in arid cli- 
mates. An index of 0 marks the boundary between wet 
and dry climates. 


= THE GLOBAL PATTERN OF CLIMATE 


Figure 18.6 displays how the major climatic regions of 


the world are distributed, based mainly on the work of 
Kóppen. (The major climatic types along with their 
subdivisions are given in Table 18.1.) We will first ex- 
amine humid tropical climates in low latitudes and 
then we’ll look at middle latitude and polar climates. 
Bear in mind that each climatic region has many sub- 
regions of local climatic differences wrought by such 
factors as topography, elevation, and large bodies of 
water. Remember, too, that boundaries of climatic re- 
gions represent gradual transitions. Thus, the major 
climatic characteristics of a given region are best ob- 
served away from its periphery. 


TROPICAL MOIST CLIMATES (GROUP A) 


General characteristics: year-round warm tempera- 
tures (all months have a mean temperature above 
18°C, or 64°F); abundant rainfall (typical annual aver- 
age exceeds 150 cm, or 59 in.) 


*Evapotranspiration refers to the evaporation from soil and trans- 
piration of plants. 
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Extent: northward and southward from the equator to 
about latitude 15° to 25° 


Major types (based on seasonal distribution of rain- 
fall): tropical wet (Af), tropical monsoon (Am), and 
tropical wet and dry (Aw) 


At low elevations near the equator, in particular the 
Amazon lowland of South America, the Congo River 
Basin of Africa, and the East Indies from Sumatra to 
New Guinea, high temperatures and abundant yearly 
rainfall combine to produce a dense, broadleaf, ever- 
green forest called a tropical rain forest. Here, many 
different plant species, each adapted to differing light 
intensity, present a crudely layered appearance of di- 
verse vegetation. In the forest, little sunlight is able to 
penetrate to the ground through the thick crown cover. 
As a result, little plant growth is found on the forest 
floor. However, at the edge of the forest, or where a 
clearing has been made, abundant sunlight allows for 
the growth of tangled shrubs and vines, producing an 
almost impenetrable jungle (see Fig. 18.7). i 

Within the tropical wet climate* (Af), seasonal tem- 
perature variations are small (normally less than 3°C) 
because the noon sun is always high and the number 
of daylight hours is relatively constant. However, 
there is a greater variation in temperature between day 
(about 32°C) and night (22°C) than there is between the 
warmest and coolest months. This is why people re- . 
mark that winter comes to the tropics at night. The 
weather here is monotonous and sultry. There is little 
change in temperature from one day to the next. Fur- 
thermore, almost every day, towering cumulus clouds 
form and produce heavy, localized showers by early 
afternoon. As evening approaches, the showers usu- 
ally end and skies clear. Typical annual rainfall totals 
are greater than 150 cm (59 in.) and, in some cases, 
especially along the windward side of hills and moun- 
tains, the total may exceed 400 cm (157 in.). 

The high humidity and cloud cover tend to keep 
maximum temperatures from reaching extremely high 
values. In fact, summer afternoon temperatures are 
normally higher in middle latitudes than here. Night- 
time cooling can produce saturation and, hence, a 
blanket of dew and—occasionally—fog covers the 
ground. 


*The tropical wet climate is also known as the tropical rain forest 
climate. 
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FIGURE 18.6 Worldwide distribution of climatic regions (after Kóppen). 
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FIGURE 18.7 Tropical rain forest near Iquitos, Peru. (Climatic information for this region is 


presented in Fig. 18.8.) 


An example of a station with a tropical wet climate 
(Af) is Iquitos, Peru (Fig. 18.8). Located near the 
equator (latitude 4°S), in the low basin of the upper 
Amazon River, Iquitos has an average annual tempera- 
ture of 25°C (77°F), with an annual temperature range 
of only 2.2°C (4°F). Notice also that the monthly rain- 
fall totals vary more than do the monthly tempera- 
tures. This is due primarily to the migrating position 
of the Intertropical Convergence Zone and its as- 
sociated windflow patterns. Although monthly pre- 
cipitation totals vary considerably, the average for 


each month exceeds 6 cm, and consequently no month ` 


is considered deficient of rainfall. 

Köppen classified tropical wet regions, where the 
monthly precipitation totals drop below 6 cm for 
perhaps one or two months, as tropical monsoon cli- 
mates (Am). Here, yearly rainfall totals are similar to 
those of the tropical wet climate, usually exceeding 


150 cm a year. Because the dry season is brief and 
copious rains fall throughout the rest of the year, there 


. is sufficient soil moisture to maintain the tropical rain 


forest through the short dry period. Tropical monsoon 
climates can be seen in Fig. 18.6 along the coasts of 
Southeast Asia, India, and in northeastern South 
America. ' 

Poleward of the tropical wet region, total annual 
rainfall diminishes, and there is a gradual transition 
from the tropical wet climate to the tropical wet-and- 
dry climate (Aw), where a distinct dry season pre- 
vails. Even though the annual precipitation usually 
exceeds 100 cm, the dry season, where the monthly 
rainfall is less than 6 cm (2.4 in.), lasts for more than 
two months. Because tropical rain forests cannot sur- 
vive this “drought,” the jungle gradually gives way to 
tall, coarse savanma grass, scattered with low, 
drought-resistant deciduous trees (Fig. 18.9). The dry 


season occurs during the winter (low sun period), 
when the region is under the influence of the subtrop- 
ical highs. In summer, the ITCZ moves poleward, 
bringing with it heavy precipitation, usually in the 
form of showers. Rainfall is enhanced by slow moving 
shallow lows that move through the region. 

Tropical wet-and-dry climates not only receive less 
total rainfall than the tropical wet climates, but the 
rain that does occur is much less reliable, as the total 
rainfall often fluctuates widely from one year to the 
next. In the course of a single year, for example, de- 
structive floods may be followed by serious droughts. 
As with tropical wet regions, the daily range of tem- 
perature usually exceeds the annual range, but the cli- 
mate here. is much less monotonous. There is a cool 
season in winter when the maximum temperature av- 
erages 30°C to 32°C (86°F to 90°F). At night, the low 
humidity and clear skies allow for rapid radiational 
cooling and, by early morning, minimum tempera- 
tures drop to 20°C (68°F) or below. 

From Fig. 18.6, we can see that the principal areas 
having a tropical wet-and-dry climate (Aw) are those 
located in western Central America, in the region both 
north and south of the Amazon Basin (South Amer- 
ica), in southcentral and eastern Africa, in parts of 
India and Southeast Asia, and in northern Australia. 
In many areas (especially within India and Southeast 
Asia), the marked variation in precipitation is as- 
sociated with the monsoon—the seasonal reversal of 
winds. 


As we saw in Chapter 11, the monsoon circulation is 


due in part to differential heating between land 
masses and oceans. During winter in the Northern 
Hemisphere, winds blow outward, away from a cold, 
shallow high-pressure area centered over continental 
Siberia. These downslope, relatively dry northeast- 
erly winds from the interior provide India and South- 
east Asia with generally fair weather and the dry sea- 
son. In summer, the windflow pattern reverses as air 
‘flows into a developing thermal low over the conti- 
nental interior. The humid air from the water rises and 
condenses, resulting in heavy rain and the wet season. 
An example of a station with a tropical wet-and-dry 
climate (Aw) is given in Fig. 18.10. Located at latitude 
11°N in west Africa, Timbo, Guinea, receives an an- 
nual average 163 cm (64 in.) of rainfall. Notice that the 
rainy season is during the summer when the ITCZ has 
migrated to its most northern position. Note also that 
practically no rain falls during the months of De- 
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cember, January, and February, when the region 
comes under the domination of the subtropical high- 
pressure area and its sinking air. 

The monthly temperature patterns at Timbo are 
characteristic of most tropical wet-and-dry climates. 
As spring approaches, the noon sun is slightly higher, 
and the more intense sunshine produces greater sur- 
face heating and higher afternoon temperatures—usu- 
ally above 32°C (90°F) and occasionally above 38°C 
(100°F)—creating hot, dry desert-like conditions. 
After this brief hot season, a persistent cloud cover 
and the evaporation of rain tends to lower the temper- 
ature during the summer. The warm, muggy weather 
of summer often resembles that of the tropical wet cli- 
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Mean annual temperature: 25°C (77°F) 


Annual temperature range: 2.2°C (4°F) . 


FIGURE 18.8 Temperature and precipitation data for Iquitos, Peru, 
latitude 4°S. A station with a tropical wet climate (Af). 
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FIGURE 18.9 Baobob and acacia illustrate typical trees of the East African grassland savanna, a 
region with a tropical wet-and-dry climate (Aw). 


mate (Af). The rainy summer is followed by a warm, 
relatively dry period, with afternoon temperatures 
usually climbing above 30°C (86°F). 

Poleward of the tropical wet-and-dry climate, the 
dry season becomes more severe. Clumps of trees are 
more isolated and the grasses dominate the landscape. 
When the potential annual water loss through evap- 
oration and transpiration exceeds the annual water 
gain from precipitation, the climate is described as 
dry. 


DRY CLIMATES (GROUP B) 


General characteristics: deficient precipitation most 
of the year; potential evaporation and transpiration 
exceed precipitation 


Extent: the subtropical deserts extend from roughly 
20° to 30° latitude; in large continental regions of the 
middle latitudes, often surrounded by mountains — 


| 


Major types: arid (BW)—the “true desert”—and semi- 
arid (BS) 


A quick glance at Fig. 18.6 reveals that, according to 
Kóppen, the dry regions of the world occupy more 
land area (about 26 percent) than any other major 
climatic type. Within these dry regions, a deficiency of 
water exists. Here, the potential annual loss of water 
through evaporation is greater than the annual water 
gained through precipitation. Thus, classifying a cli- 
mate as dry depends not only on precipitation totals 
but also on temperature, which greatly influences 
evaporation. For example, 35 cm (14 in.) of precip- 
itation in a hot climate will support only sparse vege- 
tation, while the same amount of precipitation in 
northcentral Canada will support a conifer forest. In 
addition, a region with a low annual rainfall total is 
more likely to be classified as dry if the majority of pre- 
cipitation is concentrated during the warm summer 
months, when evaporation rates are greater. 


“. 


` 


“o 


Precipitation in a dry climate is both meager and ir- 
regular. Typically, the lower the average annual rain- 
fall, the greater its variability. For example, a station 
that reports an annual rainfall of 5 cm may actually 
measure no rainfall for two years; then, in a single 
downpour, it receives 10 cm. 

The major dry regions of the world can be divided 
into two primary categories. The first includes the area 
of the subtropics (between latitude 15° and 30°), where 
the sinking air of the subtropical anticyclones pro- 
duces generally clear skies. The second is found in the 
continental areas of the middle latitudes. Here, far re- 
moved from a source of moisture, areas are deprived of 
precipitation. Dryness here is often accentuated by 
mountain ranges that produce a rainshadow effect. 

Kóppen divided dry climates into two types based 
on their degree of dryness: the arid (BW)* and the 
semi-arid, or steppe (BS). These two climatic types 
can be divided even further. For example, if the cli- 
mate is hot and dry with a mean annual temperature 
above 18°C (64°F), it is either BWh or BSh (the h is for 
heiss, meaning hot in German). On the other hand, if 
the climate is cold (in winter, that is) and dry with a 
mean annual temperature below 18°C, then it is either 
BWk or BSk (where the k is for kalt, meaning cold in 
German). i l l 

The arid climates (BW) occupy about 12 percent of 
the world’s land area. From Fig. 18.6, we can see that 
this climatic type is found along the west coast of 
South America and Africa and over much of the in- 
terior of Australia. Notice, also, that a swath of arid cli- 
mate extends from northwest Africa all the way into 
central Asia. In North America, the arid climate ex- 
tends from northern Mexico into the southern interior 
of the United States and northward along the leeward 


slopes of the Sierra Nevada mountains. This region in- - 


cludes both the Sonoran and Mojave deserts and the 
Great Basin. 

The southern desert region of North America is dry 
because it is dominated by the subtropical high most 
of the year, and winter storm systems tend to, weaken 
before they move into the area. The northern region is 
in the rain shadow of the Sierra. Nevada mountains. 
These regions are deficient in precipitation all year 
long, with many stations receiving less than 13 cm (5 
in.) annually. As noted earlier, the rain that does fall is 
spotty, often in the form of scattered summer after- 


*The letter W is for Wúste, the German word for desert. 
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noon showers. Some of these showers can be down- 
pours that change a gentle gully into a raging torrent of 
water. More often than not, however, the rain evapo- 
rates into the dry air before ever reaching the ground, 
and what is seen are rainstreamers (virga) dangling be- 
neath the clouds. (See Fig. 18.11.) 

Contrary to popular belief, few deserts are com- 
pletely without vegetation. Although meager, the veg- 
etation that does exist must depend on the infrequent 
rains. Thus, most of the native plants are xerophytes— 
those capable of surviving prolonged periods of 
drought. (See Fig. 18.12.) Such vegetation includes 
various forms of cacti and short-lived plants that 
spring up during the rainy periods. 

In low-latitude deserts (BWh), intense sunlight pro- 
duces scorching heat on the parched landscape. Here, 
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Mean annual temperature: 23.3°C (74°F) 


Annual temperature range: 5.5°C (10°F) 


WIA + 


fe |e 
i | 
J FMAM 
FIGURE 18.10 Climatic data for Timbo, Guinea, latitude 11°N. . 
A station with a tropical wet-and-dry climate (Aw). 
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FIGURE 18.11 Rain streamers (virga) are 
common in dry climates, as falling rain 
evaporates into the drier air before ever 
reaching the ground. 


air temperatures are as high as anywhere in the world. 
Maximum daytime readings during the summer can 
exceed 50°C (122°F), although 40°C to 45°C (104°F to 
113°F) are more common. In the middle of the day, the 
relative humidity i is usually between 5 and 25 percent. 
At night, the air’s relatively low water vapor content 
allows for rapid radiational cooling. Minimum tem- 
peratures often drop below 25°C (77°F). Thus, arid cli- 
mates have large daily temperature ranges, often be- 
tween 15°C and 25°C (27°F and 45°F) and A 
higher. — 
During the winter, ÁS are more moderate, 
and minimums may, on occasion, drop below freez- 
ing. The variation in temperature from summer to 
- winter produces large annual temperature ranges. We 
can see this in the climate record for Phoenix, Arizona 
(Fig. 18.13), a city in the southwestern United States 
with a BWh climate. Notice that the annual tempera- 
ture average in Phoenix is 22°C (72°F), and that the av- 
erage temperature of the warmest month (July) reaches 
a sizzling 32°C (90°F). As we would expect, rainfall is 
meager in all months. There is, however, a slight 
maximum in July and August. This is due to the sum- 
mer monsoon, when more humid, southerly winds are 
likely to sweep over the region and develop into after- 
noon showers and thunderstorms. 
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In middle latitude deserts (BWk), average annual 
temperatures are lower. Summers are typically warm 
to hot, with afternoon temperatures frequently reach- 
ing 40°C (104°F). Winters are usually extremely cold, 
with minimum temperatures sometimes dropping 
below —35°C (—31°F). Many of these deserts lie in the 
rainshadow of an extensive mountain chain, such as 
the Cascade and Sierra Nevada mountains in North 
America, the Himalayan Mountains in Asia, and the 
Andes in South America. The meager precipitation 
that falls comes from an occasional summer shower or 
a passing mid-latitude cyclone in winter. 

Again, refer to Fig. 18.6 and notice that around the 
margins of the arid regions, where rainfall amounts are 
greater, the climate gradually changes into semi-arid 
(BS). This region is called steppe and typically has 
short bunch grass scattered low bushes, trees, or sage- 
brush (Fig. 18.14). In North America, this climatic re- 
gion includes most of the Great Plains, the southern 
coastal sections of California, and the northern valleys 


_ of the Great Basin. As in the arid region, northern areas 


experience lower winter temperatures and more fre- 
quent snowfalls. Annual precipitation is generally be- 
tween 20 and 40 cm (8 and 16 in.). The climatic record 
for Denver, Colorado (Fig. 18.15), G the 
semi-arid (BSk) climate. 


FIGURE 18.12 Creosote bushes and cholla 
cactus are typical of the vegetation found in 
the arid southwestern American deserts 
(BWh). 


’ As average rainfall amounts increase, the climate 
gradually changes to one that is more humid. Hence, 


, the semi-arid (steppe) climate marks the transition be- 


tween the arid and the humid climatic regions. (Before 
reading about moist climates, you may wish'to read 
the Focus section en p. 482 about deserts that experi- 
ence drizzle but little rainfall.) 


MOIST SUBTROPICAL MID-LATITUDE CLIMATES 
(GROUP C) 


General characteristics: humid with mild winters - 


(i.e., average temperature of the coldest month below 
18°C, or 64°F, and above —3°C, or 27°F) 


Extent: on the eastern and western regions of most 
continents, from about 25° to 40° latitude 


Major types: humid subtropical (Cfa), marine (Cfb), 
and dry-summer subtropical, or Mediterranean (Cs) - 


The Group C climates of the middle latitudes have 
distinct summer and winter seasons. Additionally, 
they have ample precipitation to keep them from 
being classified as dry. Although winters can be cold, 
and air temperatures can change appreciably from one 
day to the next, no month has a mean temperature 
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Mean annual temperature: 21°C (70°F) 


Annual temperature range: 22°C (40°F) 


Annual total precipitation: 18 cm (7 in.) 
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FIGURE 18.13 Climatic data for Phoenix, Arizona, latitude 33.5°N. 
A station with an arid climate (BWh). - 
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FIGURE 18.14 Cumulus clouds forming over the steppe grasslands of western North America, a 


region with a semi-arid climate (BS). 


below — =G are N for if it did, it would Be classified © 


asa D climate—one with severe winters. 

The first C climate we will consider is the humid 
subtropical climate (Cfa). Notice in Fig. 18.6, that Cfa 
climates are found principally along the east coasts of 
continents, roughly between 25° and 40° latitude. 


They dominate the southeastern section of the United. 


States, as well as eastern China and southern Japan. In 


the Southern Hemisphere, they are found in south- 


eastern South America and along the southeastern 
coasts of Africa and Australia.: ‘ 

A trademark of the humid subtropical climate is its 
hot, muggy summers. This sultry summer weather oc- 
curs because Cfa climates are located on the western 


side of subtropical highs, where maritime tropical air. 


from lower latitudes is swept poleward into these re- 
gions. Generally, summer dew-point temperatures are 
high (often exceeding 23°C, or 73°F) and so is the rela- 


tive humidity, even during the middle of the Ha The 
high humidity combines with the high air temperature 
(usually above 32°C, or 90°F) to produce more oppres- 
sive conditions than are found in equatorial regions. 
Summer morning low temperatures often range be- 
tween 21°C and 27°C (70°F and 81°F). Occasionally, a 
weak summer cool front will bring temporary relief 
from the sweltering conditions. However, devastating 
heat waves, sometimes lasting many weeks, can occur 
when an upper-level ridge moves over the area. 
Winters tend to be relatively mild, especially in the 
lower latitudes, where air temperatures rarely dip 
much below freezing. Poleward regions experience 
winters that are colder and harsher. Here, frost, snow, 
and ice storms are more common, but heavy snowfalls 
are rare. Winter weather can be quite changeable, as al- 
most summerlike conditions can give way to cold rain 
and wind in a matter of hours when a middle latitude 


storm and its accompanying fronts pass through the 
region. 

Humid subtropical climates experience adequate 
and fairly well-distributed precipitation throughout 
the year, with typical annual averages between 80 and 
165 cm (31 and 65 in.). In summer, when air-mass 
thunderstorms are common, much of the precipitation 
falls as afternoon showers. Tropical storms entering 
the United States and China can substantially add to 
their summer and autumn rainfall totals. Winter pre- 
cipitation most often occurs with eastward-trekking 
middle latitude storms. In the southeastern United 
States, the abundant rainfall supports a thick pine 
forest that becomes mixed with oak at higher latitudes. 
The climate data for Mobile, Alabama, acity witha Cfa 
climate, is given in Fig. 18.16. 
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Mean annual temperature: 10°C (50°F) 


Annual temperature range: 25°C (45°F) 


FIGURE 18.15 Climatic data for Denver, Colorado, latitude 40°N. 
Astation with a semi-arid climate (BSk). - 
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Glance back at Fig. 18.6 and observe that C climates 
extend poleward along the western side of most conti- 
nents from about latitude 40° to 60°. These regions are 
dominated by prevailing winds from the ocean that 
moderate the climate, keeping winters considerably 
milder than stations located at the same latitude 
farther inland. In addition to this, summers are quite 
cool. When the summer season is both short and cool, 
the climate is designated as Cfc.* Equatorward, where 
summers are longer (but still cool), the climate is clas- 
sified as west coast marine, or simply marine, Cfb. 


*Table 18.1, p. 469, details the necessary criteria for each climatic 
type. $ 
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FIGURE 18.16 Climatic data for Mobile, Alabama, latitude 30°N. 
A station with a humid subtropical climate (Cfa). - 


We already know that not all deserts are 


hot. By the same token, not all deserts are 
sunny. In fact, some coastal deserts 
experience considerable cloudiness, . 
especially low stratus and fog. 


_. Amazingly, these coastal deserts are 


some of the driest places on earth. They 
include the Atacama Desert of Chile and 


- Peru, the coastal Sahara Desert of 
~ northwest Africa, the Namib Desert of - 
-© southwestern Africa, and a portion of the 


Sonoran Desert in Baja, California (see 
Fig. 1). On the Atacama Desert, for 


_ example, some regions go without ` 


measurable rainfall for decades. And 
Arica, in northern Chile, has an annual 
rainfall of only 0.08 cm (0:03 in.). 

The cause of this aridity is, in part, due 


_ tothe fact that each region is adjacent toa 


large body of relatively cool water. Notice 
in Fig. 1 that these deserts are located 
along the western coastal margins of 
continents, where a subtropical high- 
pressure area Causes prevailing winds to 
move cool water from higher latitudes 
along the coast. In addition, these winds 
help to accentuate the water’s coldness 
by initiating upwelling—the rising of cold 


_ water from lower levels. The combination 


of these conditions tends to produce 
coastal water temperatures between 


“10°C and 15°C (50°F to 59°F), which is 


quite cool for such low latitudes. As 


- Surface air sweeps across the cold water, 


itis chilled to its dew point, often 
producing a blanket of fog and low 
clouds, from which drizzle falls. The 


_ drizzle, however, accounts for very little 
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FOCUS ON A SPECIAL TOPIC 


A A DESERT WITH CLOUDS AND DRIZZLE 


Atacama 
Desert 
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FIGURE1 Location of coastal deserts that experience frequent fog, drizzle, and low clouds. 


rainfall. In most regions, it is only enough 
to dampen the streets with amere trace of 
precipitation. = 

As the cool, stable air moves inland, it 
warms, and the water droplets evaporate. 
Hence, most of the cloudiness and drizzle 
is found along the immediate coast. 
Although the relative humidity of this air is 
high, the dew-point temperature is 
comparatively low (often near that of the 
coastal surface water). Inland, further 


warming causes the air to rise. However, : 


for a cumulus cloud to form with such a 
low dew point, the airmustrisetoan | 
altitude of over 2000 meters (6000 ft). A . 
stable subsidence inversion, associated 


with the subtropical highs, inhibits vertical 
motions by capping the rising air, causing 
it to drift back toward the ocean, where it 
sinks, completing a rather strong sea 
breeze circulation. The position of the 
subtropical highs, which tend to remain 


_ almost stationary, plays an additional role ‘| 


by preventing the Intertropical Con- 
vergence Zone with its rising, unstable air 
from entering the region. | 

And so we have a desert with clouds 
and drizzle—a desert that owes its 
existence, in part, to its proximity to rather 


.cold ocean water and, in part, to the - 
position and air motions of the subtropical 


highs. 


Where mountains parallel the coastline, such as 
along the west coasts of North and South America, the 
marine influence is restricted to narrow belts. Un- 
obstructed by high mountains, prevailing westerly 
winds pump ocean air over much of western Europe 
and thus provide this region with a marine climate 
(Cfb). 

During much of the year, marine climates are char- 
acterized by low clouds, fog, and drizzle. The ocean’s 
influence produces adequate precipitation in all 
months, with much of it falling as light or moderate 
rain associated with maritime polar air masses. Snow 
does fall, but frequently it turns to slush after only a 
day or so. In some locations, topography greatly en- 
hances precipitation totals. 

Along the northwest coast of North America, rain- 
fall amounts decrease in summer. This phenomenon 
is caused by the northward migration of the subtropi- 
cal Pacific high, which is located southwest of this re- 
gion. The summer decrease in rainfall can be seen by 
examining the climatic record of Port Hardy (Fig. 
18.17), a station situated along the coast of Canada’s 
Vancouver Island. The data illustrate another impor- 
tant characteristic of marine climates: the low annual 
temperature range for such a high-latitude station. The 
ocean’s influence keeps daily temperature ranges low 
as well. In this climate type, it rains on many days and 
when it is not raining, skies are usually overcast. The 
heavy rains produce a dense forest of Douglas fir. 

Moving equatorward of marine climates, the influ- 


ence of the subtropical highs becomes greater, and the 
summer dry period more pronounced. Gradually, the : 


climate changes from marine to one of dry-summer 
subtropical (Cs), or Mediterranean, because it also 
borders the coastal areas of the Mediterranean Sea. 
Along the west coast of North America, Portland, Ore- 


gon, because it has rather dry summers, marks the 


transition between the marine climate and the dry- 
summer subtropical climate to the south. 

The extreme summer aridity of the Mediterranean 
climate, which in California may exist for five months, 
is caused by the sinking air of the subtropical highs. In 
addition, these anticyclones divert summer storm sys- 
tems poleward. During the winter, when the subtropi- 
cal highs move equatorward, mid-latitude storms 
from the ocean frequent the region, bringing with 
them much needed rainfall. Consequently, Mediterra- 
nean Climates are characterized by mild, wet winters, 
and mild-to-hot, dry summers. 
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Where surface winds parallel the coast, upwelling 
of cold water helps keep the water itself and the air 
above it cool all summer long. In these coastal areas, 
which are often shrouded in low clouds and fog, the . 
climate is called coastal Mediterranean (Csb). Here, 
summer daytime maximum temperatures usually 
reach about 21°C (70°F), while overnight lows often 
drop below 15°C (59°F). Inland, away from the ocean's 
influence, summers are hot and winters are a little 
cooler than coastal areas. In this interior Mediterra- 
nean climate (Csa), summer afternoon temperatures 
usually climb above 34°C (93°F) and occasionally. 
above 40°C (104°F). 

Figure 18.18 contrasts the coastal Mediterranean 
climate of San Francisco, California, with the interior : 
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Mean annual temperature: 8°C (46°F) 


Annual temperature range: 12°C (21°F) 
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FIGURE 18.17 Climatic data for Port Hardy, Canada, latitude 51°N. A 
station with a marine climate (Cfb). 
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San Francisco, California, 37°N E 
] Climate: Csb ` i | 
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Annual temperature range: 17°C (30°F) - 


Annual total precipitation: 41 cm (16 in.) 


Sacramento, California, 38°N 
Climate: Csa 


FIGURE 18.18 am Se of acoastal Mediterranean Dicaab, Csb (San Rranciech, at left) with an 


l interior Mediterranean climate, Csa (Sacrament at right). 


Mediterranean climate of Sacramento, California. 
While Sacramento is only 130 km (80 mi) inland from 


San Francisco, Sacramento’s average July temperature. 


is 9°C (16°F) higher. As we would expect, Sac- 


ramento’s annual temperature range is considerably | 


higher, too. Although Sacramento and San Francisco 
both experience an occasional frost, snow in these 
` areas is a rarity. 

In Mediterranean climates, yearly precipitation 
amounts range between 30 and 90 cm (14 and 35 in.). 
However, much more precipitation falls on surround- 
ing hillsides and mountains. Because of the'summer 
dryness, the land supports only a scrubby type of low- 


growing woody plants and trees called chaparral (Fig. . . 


18.19). 


At this point, we should note that summers are not 
as dry along the Mediterranean Sea as they are along 


“the west coast of North America. Moreover, coastal 


Mediterranean areas are also warmer, due to the lack 
of upwelling in the Mediterranean Sea. 

Before leaving our discussion of C climates, note 
that when the dry season is in winter, the climate is 
classified as Cw. Over northern India and portions of 
China, the relatively dry winters are the result of 
northerly winds from continental regions circulating 
southward around the cold Siberian high. Many 
lower-latitude regions with a Cw climate would be 
tropical if it were not for the fact they are too high in 
elevation and, consequently, too Bice to be designated 
as tropical. 


- MOIST CONTINENTAL CLIMATES (GROUP D) 


General characteristics: warm-to-cool summers and 
cold winters (i.e., average temperature of warmest 
month exceeds 10°C, or 50°F, and the coldest monthly 
average drops below —3°C, or 27°F); winters are severe 
with snowstorms, blustery winds, bitter cold; climate 
controlled by large continent 


Extent: north of moist subtropical mid-latitude cli- 
mates 


Major types: humid continental with hot summers 
(Dfa), humid continental with cool summers (Dfb), 
and subpolar (Dfc) 


‘The D climates are controlled by large land masses. 
Therefore, they are found only in the Northern Hemi- 
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sphere. Look at the climate map, Fig. 18.6 on pp. 472= 
473, and notice that D climates extend across North 
America and Eurasia, from about latitude 40°N to al- 
most 70°N. In general, they are characterized by cold 
winters and warm-to-cool summers. 

As we know, fora station to have a D climate, the av- 
erage temperature of its coldest month must dip below 
—3°C (27°F). This is not an arbitrary number. Köppen 
found that, in Europe, this temperature marked the 
southern limit of persistent snow cover in winter.* 
Hence, D climates experience a great deal of winter 
snow that stays on the ground for extended periods. 


*In North America, studies suggest that an average monthly tem- 
perature of 0°C (32°F) or below for the coldest month seems to cor- 
respond better to persistent winter snow cover. 


FIGURE 18.19 In the Mediterranean-type climates of North America, typical chaparral vegetation 
includes chamise, manzanita, and digger pine. NE 
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FIGURE 18.20 The leaves of deciduous trees burst into brilliant color 
during autumn over the countryside of Vermont, a region with a humid 
continental climate. 


- When the temperature drops toe a point such that no 


month has an average temperature of 10°C (50°F), the 
climate is classified as-polar (E). Köppen found that 
the average monthly temperature of 10°C tended to 
represent the minimum temperature required for tree 
growth. So no matter how cold it gets in a D climate 
(and winters can get extremely cold), there is enough 
summer warmth to support the growth of trees. 

There are two basic types of D climates: the humid 


‘continental (Dfa and Dfb) and the subpolar (Dfc). 


Humid continental climates are observed from about 
latitude 40°N to 50°N (60°N in Europe). Here, precipi- 
tation is adequate and fairly evenly distributed 
throughout the year, although interior stations experi- 
ence maximum precipitation in summer. Annual pre- 


cipitation totals usually range from 50 to 100 cm (20 to 


40 in.). Native vegetation in the wetter regions in- 
cludes forests of spruce, fir, pine, and oak. In autumn, 
nature’s pageantry unveils itself as the leaves of de- 
ciduous trees turn brilliant shades of red, orange, and 
yellow (Fig. 18.20). 

Humid continental climates are fred vided on the 
basis of summer temperatures. Where summers are 
long and hot,* the climate is described as humid conti- 
nental with hot summers (Dfa). Here summers are 
often hot and humid, especially in the southern re- 
gions. Midday temperatures often exceed 32°C (90°F) 
and occasionally 40°C (104°F). Summer nights are 
usually warm and humid, as well. The frost-free 
season normally lasts from five to six months, long 
enough to grow a wide variety of crops. Winters tend 
to be windy, cold, and snowy. Farther north, where 
summers are shorter and not as hot,t the climate is de- 
scribed as humid continental with long cool summers 
(Dfb). In Dfb climates, summers are not only cooler but 
much less humid. Temperatures may exceed 35°C 
(95°F) for a time, but extended hot spells lasting many 
weeks are rare. The frost-free season is shorter than in 
the Dfa climate, and normally lasts between three and 
five months. Winters are long, cold, and windy. It is 
not uncommon for temperatures to drop below —30°C 
(—22°F) and stay below —18°C (0°F) for days and 
sometimes weeks. Autumn is short, with winter often 
arriving right on the heels of summer. Spring, too, is 
short, as late spring snowstorms are common, espe- 
cially in the more northern latitudes. l 

Figure 18.21 compares the Dfa climate of Des 
Moines, Iowa, with the Dfb climate of Winnipeg, 
Canada. Notice that both cities experience a large an- 
nual temperature range. This is characteristic of cli- 
mates located in the northern interior of continents. In 
fact, as we move poleward, the annual temperature 
range increases. In Des Moines, it is 31°C (56°F), while 
950 km (590 mi) to the north in Winnipeg, it is 38°C 
(68°F). The summer precipitation maximum expected 
for these interior continental locations shows up well. 
Most of the summer rain is in the form of air-mass 
convective showers, although an occasional weak 


*Hot means that the average temperature of the warmest month is 
above 22°C (72°F) and at least four months have a monthly mean 
temperature above 10°C (50°F). 


+“Not as hot” means that the average temperature of the warmest 
month is below 22°C (72°F) and at least four months have a monthly 
mean temperature above 10°C (50°F). : 


scale Convective Complex described in Chapter 16. 
The weather in both climatic types can be quite 
changeable, especially in winter, when a brief warm 
spell is replaced by blustery winds and temperatures 
plummeting well below —30°C. 

When winters are severe and summers short and 
cool, with only one to three months having a mean 
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Mean annual temperature: 9°C (49°F) 


Annual temperature range: 31°C (56°F) 


frontal system can produce more widespread precipi- 
tation, as can a cluster of thunderstorms—the Meso- 


Des Moines, Iowa, 42N l 
Climate: Dfa 
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temperature exceeding 10°C (50°F), the climate is de- 
scribed as subpolar (Dfc). From Fig. 18.6, we can see 
that, in North America, this climate occurs in a broad 
belt across Canada and Alaska; in Eurasia, it stretches 
from Norway over much of Siberia. The exceedingly 
low temperatures of winter account for these areas 
being the primary source regions for continental polar 
and arctic air masses. Extremely cold winters coupled 
with cool summers produce large annual temperature 
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FIGURE 18.21 Comparison of a humid continental hot summer climate, Dfa pu a a at left), 


with a humid continental cool summer climate, Dfb (Winnipeg, at right). 
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Mean annual temperature: — 3°C (26F) - 


Annual temperature range: 39°C (71°F) 


FIGURE 18.22 Climatic data for Fairbanks, Alaska, latitude 65°N. 
A station with a subpolar climate (Dfc). 


ranges, as EAE E the cing’ data in Fig. 18.22 
for Fairbanks, Alaska. 

Precipitation is comparatively light in the suibipteas 
climates, especially in the interior regions, with most 
places receiving less than 50 cm (20 in.) annually. A 
good percentage of the precipitation falls when weak 
cyclonic storms move through the region in summer. 
The total snowfall is usually not large but the cold air 
prevents melting, so snow stays on the ground for 
months at a time. Because of the low temperatures, 
there is a low annual rate of evaporation that ensures 


adequate moisture to support the boreal forests of con- . 


ifers and birches known as taiga (Fig. 18.23). Hence, 
the subpolar climate is known also as a boreal climate 
and asa taiga climate. 
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FIGURE 18.23 Coniferous forests (taiga) such as this occur where 
winter temperatures are low and precipitation is abundant. 


2 


In the taiga region of northern Siberia and Asia, . 
where the average temperature of the coldest month 
drops to a frigid —38°C (— 36°F) or below, the climate is 
designated Dfd. Where the winters are considered dry, 
the climate is designated Dwd. 


POLAR CLIMATES (GROUP E) 


General characteristics: year-round low temperatures 
(i.e., average temperature of the warmest month is 
below 10°C, or 50°F) - 


Extent: northern coastal areas of North America and 
Eurasia; Greenland and Antarctica 


Major types: polar tundra (ET) a polarice caps (EF) 


>! 


In the polar tundra (ET), the average temperature of 
the warmest month is below 10°C (50°F), but above 
freezing. (See Fig. 18.24, the climate data for Barrow, 
Alaska.) Here, the ground is permanently frozen to 
depths of hundreds of meters, a condition known as 
permafrost. Summer weather, however, is just warm 
enough to thaw out the upper meter or so of soil. 
Hence, during the summer, the tundra turns swampy 
and muddy. Annual precipitation on the tundra is 
meager, with most stations receiving less than 20 cm 
(8 in.). In lower latitudes, this would constitute a des- 
ert, but in the cold polar regions evaporation rates are 
very low and moisture remains adequate. Because of 
the extremely short growing season, tundra vegetation 
consists of mosses, lichens, dwarf trees, and scattered 
woody vegetation, fully grown and only several cen- 
timeters tall (Fig. 18.25). | 
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Mean annual temperature: — 12°C (10°F) 


Annual temperature range: 32°C (57°F) 


FIGURE 18.24 Climatic data for Barrow, Alaska, latitude 71°N. 
A station with a polar tundra climate (ET). 
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Even though summer days are long, the sun is never 
very high above the horizon. Additionally, some of the 
sunlight that reaches the surface is reflected by snow 
and ice, while some is used to melt the frozen soil. 
Consequently, in spite of the long hours of daylight, 
summers are quite cool. The cool summers and the ex- 
tremely cold winters produce large annual tempera- 
ture ranges. 

When the average temperature for every month 
drops below freezing, plant growth is impossible, and 
the region is perpetually covered with snow and ice. 
This climatic type is known as polar ice cap (EF): It oc- 
cupies the interior ice sheets of Greenland and Antarc- 
tica, where the depth of ice in some places measures . 
thousands of meters. In this region, temperatures are 
never much above freezing, even during the middle of 
“summer.” The coldest places in the world are located 


FIGURE 18.25 Tundra vegetation in Alaska. This dry type of tundra is 
composed mostly of sedges and dwarfed wildflowers that bloom during 
the bnef growing season. 


in the central Sierra Nevada mountains. 
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Mean annual temperature: SE (= 22") 


FIGURE 18.26 Climatic data for Eismitte, Greenland, latitude 71°N. 


Located in the interior of Greenland at an elevation of 3030 m (9941 ft), 


Eismitte has a polar ice cap climate (EF). . 


FIGURE 18.27 Vertical view of changing 
vegetation and climate due to elevation . 


"Altitude (thousands of ft) : 


here. Precipitation is extremely meager with many 
places receiving less than 10 cm (4 in.) annually. Most 
precipitation falls as snow during the “warmer” sum- 
mer. Strong downslope katabatic winds frequently 
whip the snow about, adding to the climate’s harsh- 
ness. The data in Fig. 18.26 for Eismitte, Greenland, 
illustrate the severity of an EF climate. 


HIGHLAND CLIMATES (GROUP H) It is not necessary to 
visit the polar regions to experience a polar climate. 
Because temperature decreases with altitude, climatic 
changes experienced when climbing 300 m (1000 ft) 
in elevation are about equivalent in high latitudes to 
horizontal changes experienced when traveling 300 
km (186 mi) northward. (This distance is equal to 
about 3° latitude.) Therefore, when ascending a high 
mountain one can travel through many climatic re- 
gions in a relatively short distance. . 

Figure 18.27 shows how the climate and vegetation 
change along the western slopes of the central Sierra 
Nevada Mountains. (See Fig. 18.5 for the precipitation 
patterns for this region.) Notice that, at the base of the 
mountains, the climate and vegetation represent semi- 
arid conditions, while in the foothills the climate be- 
comes Mediterranean and the vegetation changes to 
chaparral. Higher up, thick fir and pine forests prevail. 
At still higher elevations, the climate is subpolar and 
the taiga gives way to dwarf trees and tundra vegeta- 
tion. Near the summit there are permanent patches of 
ice and snow, with some small glaciers nestled in pro- 
tected areas. Hence, in less than 13,000 vertical feet, 


: the climate has changed from semi-arid to polar. 


conifer 
forests 


- Altitude (thousands of m) 
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In this chapter, we have examined global temperature 
and precipitation patterns, as well as the various 
climatic regions throughout the world. Tropical cli- 
mates are found in low latitudes, where the noon sun 
is always high, day and night are of nearly equal 
length, every month is warm, and no real winter sea- 
son exists. Some of the rainiest places in the world 
exist in the tropics, especially where warm, humid air 
rises upslope along mountain ranges. 

Dry climates prevail where potential evaporation 
and transpiration exceed precipitation. Some deserts, 


- such as the Sahara, are mainly the result of sinking air 


associated with the subtropical highs, while others, 
due to the rain shadow effect, are found on the leeward 
side of mountains. Many deserts form in response to 
both of these effects. 

Middle latitudes are characterized by a distinct 
winter and summer season. Winters tend to be milder 
in lower latitudes and more severe in higher latitudes. 


Along the east coast of some continents, summers 
tend to be hot and humid as moist air sweeps pole- 
ward around the subtropical highs. The air often rises 
and condenses into afternoon thunderstorms in this 
humid subtropical climate. The west coast of many 
continents tend to be drier, especially in summer, as 
the combination of cool ocean water and sinking air of 
the subtropical high inhibit to a large degree the for- 
mation of cumuliform clouds. 

In the middle of large continents, such as North 
America and Eurasia, summers are usually wetter 
than winters. Winter temperatures are generally lower 
than those experienced in coastal regions. As one 
moves northward, summers become shorter and win- 
ters longer and colder. Polar climates prevail at high 
latitudes, where winters are severe and there is no real 


- summer. When ascending a high mountain, one can 


travel through many climatic zones in a relatively 
short distance. 


=E KEY TERMS 


The following terms are listed in the order they appear 


in the text. Define each. Doing so will aid you in re- * 


viewing the material covered in this chapter. 


_dry-summer subtropical (Mediterranean) 


microclimate tropical monsoon climate 

mesoclimate tropical wet-and-dry climate humid continental climate 
macroclimate savanna grass subpolar climate 

global climate arid climate taiga 

climatic controls xerophytes polar tundra climate 
Köppen classification system semi-arid climate permafrost 


P/E index. steppe 
tropical rain forest 
marine climate 


E QUESTIONS FOR REVIEW 


1. Distinguish among microclimate, mesoclimate, 


and global climate. 
2. Describe as many factors as you can that influence 


the global pattern of precipitation. 


polar ice cap climate 


humid subtropical climate 


3. Explain why, in North America, precipitation typ- 
ically is a maximum along the West Coast in 
winter, a maximum on the Central Plains in sum- 
mer, and fairly evenly distributed between sum- 
mer and winter along the East Coast. 

4. What constitutes a dry climate? 
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. What climatic information did Kóppen use in 


classifying climates? 


. On a blank map of the world, roughly outline 


where Kóppen's major climatic regions are lo- 
cated. 


. In which climatic region would each of the follow- 


ing be observed: tropical rain forest, xerophytes, 
steppe, taiga, tundra, and savanna? 


. What are the controlling factors (the major ele : 


matic controls) that produce the following cli- 
matic regions: (a) tropical wet and dry; (b) Medi- 
terranean; (c) marine; (d)humid subtropical; 
(e) subpolar; (f) polar ice cap? 


. Why do marine climates (Cs) usually lie along the 


west coast of continents? 


. Why are large annual temperature ranges charac- 


teristic of D-type climates? © 


. Why are D climates only found in the Northern 


Hemisphere? 


. Explain whya tropical rain forest climate will sup- 


port a tropical rain forest, while a tropical wet- 
and-dry climate will not. 


. What is the primary distinction between a Cía and 


- a Dfa climate? 


16. 


17. 


. Explain how arid deserts ¢ can be found adjacent to 


oceans. 


. Why did Köppen use the 10°C (50°F) average tem- 


perature for July to distinguish between D and E 
climates? 


What accounts for ne existence of a BWk climate ~ 


in the western Great Basin of North America? 
Barrow, Alaska, receives a mere 11 cm (4.3 in.) of 
precipitation annually. Explain why its climate is 


` not classified as arid or semi-arid. 


Explain why subpolar climates are also known as 
boreal climates and taiga climates. 


i 


QUESTIONS FOR THOUGHT 


. Why do cities directly east of the Rockies (such as 


Denver, Colorado) receive much more precipitation 
than cities east of the Sierra Nevada (such as Reno 
and Lovelock, Nevada)? 


. What climatic controls affect the climate in your 


area? 


. According to Kóppen's climatic En, (Fig. 18.6, 


p. 472), what major climatic type is most abundant 
(a)in North America, (b)in South America, 
(c) throughout the world? 


. Why do Atlantic coastal cities, such as Boston, Mas- 


sachusetts, have continental climates instead of 
marine climates? 


. Many structures in a polar tundra climate are built 


on pilings. Explain why. 


. Why are summer afternoon temperatures in a 


humid subtropical climate (Cfa) often higher than 
in a tropical wet climate (Af)? 


PROBLEMS AND EXERCISES 


. On a map of North America, draw the approximate 


boundaries for the five major climatic regions. 
Briefly describe the climate of each region. 


. Suppose a city has the mean annual precipitation 


¡and temperature given in Table 18.2. Based on Kóp- 

pen’s climatic types, how would this climate be 
classified? On a map of North America, approxi- 
mately where would this city be located? What type 
of vegetation would you expect to see there? An- 
swer these same questions for the data in Table 
18.3. ` 


PROBLEMS AND EXERCISES 
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Tenthousand years ago, additional water from precipitation and melting glaciers formed giant 
Lake Bonneville—a lake that covered over 50,000 square kilometers of northwestern Utah. 
Since then, the climate has changed. Evaporation in this semi-arid region has gradually 
lowered the lake until, today, most of the landscape is a flat, salt-covered bed that 
occasionally becomes dotted with puddles after a summer rain shower. (Photo by author) 
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CLIMATE MODIFICATION 
AND CHANGE 


A change in our climate however is taking place very sensibly.: 
Both heats and colds are becoming much more moderate 
within the memory even of the middle-aged. Snows are less 
frequent and less deep. They do not often lie, below the 
mountains, more than one, two, orthree days, and very rarely a 
week. They are remembered to have been formerly frequent, 
deep, and of long continuance. The elderly inform me the earth 
used to be covered with snow about three months in every year. 
The rivers, which then seldom failed to freeze over in the course 
of the winter, scarcely ever do now. This change has produced 
an unfortunate fluctuation between heat and cold, in the spring 
of the year, which is very fatal to fruits. In an interval of 
twenty-eight years, there was no instance of fruit killed by the 
frost in the neighborhood of Monticello. The accumulated 
snows of the winter remaining to be dissolved all together in the 
spring, produced those overflowings of our rivers, so frequent 
then, and so rare now. 


Thomas Jefferson, Notes on the State of Virginia, 1781 


The climate is always changing. Evidence shows that 
climate has changed in the past and nothing suggests 
that it will not continue to do so. Some climate 
changes are small and go practically unnoticed from 
one year to the next. Others, such as a persistent 
drought or a delay in the annual monsoon rains, can 
adversely affect the lives of millions. Even small 
changes can have an adverse effect when averaged 
over many years, as grasslands once used for grazing 
gradually become uninhabited deserts. 

In this chapter, we will investigate not only how the 
global climate has changed, but also some of the 
theories as to why it has changed. First, however, we 
will examine climate modifications on a smaller scale. 
In an attempt to construct liveable habitats, humans 
have inadvertently modified the urban climate. 
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E THE MODIFICATION OF THE URBAN CLIMATE — 


Climatic change can take place on a small scale as 
green pastures and forests gradually give way to con- 
crete and asphalt. As the urban environment grows, its 
climate differs from that of the region around it. Some- 
times the difference is striking, as when city nights are 
warmer than the nights of the outlying rural areas. 
Other times, the difference is subtle, as when a layer of 
smoke and haze covers the city, or when the microcli- 
mate becomes modified by the light and warmth of a 
city street lamp. (See Fig. 19.1.) 


_ URBAN HEAT ISLANDS Probably the most widely 
studied element of the urban climate is air tempera- 

ture. For more than 100 years, it has been known that 
cities are generally warmer than rural areas. This re- 
gion of city warmth is called the urban heat island. 


FIGURE 19.1 _ Altering the microclimate. Notice in the picture that the 
leaves are still on the tree near the streetlight. Apparently, this sodium 
vapor lamp emits enough warmth and light during the night to trick the ` 
leaves into behaving as if it were September rather than the middle of 
November. om MAD 
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This warming is attributed to industrial and urban 
development. In rural areas, a large part of the incom- 
ing solar energy is used to evaporate water from vege- 
tation and soil. However, in cities, where less vegeta- 
tion and exposed soil exists, the majority of the sun's 
energy is absorbed by urban structures and asphalt. 
Hence, during warm daylight hours, less evaporative 
cooling in cities allows surface temperatures to rise 
higher than in rural areas. Additional city heatis given 
off by vehicles and factories, as well as by industrial 
and domestic heating and cooling units. i 

At night, the solar energy (stored as vast quantities 
of heat in city buildings and roads) is slowly released 


_ into the city air. The release of heat energy is retarded 


even more by the tall vertical city walls that do not 
allow infrared radiation to escape as readily as do the 


- relatively level surfaces of the surrounding country- 


side. The slow release of heat tends to keep city tem- 
peratures higher than those of the faster cooling rural 
areas. 

On.clear, still nights when the heat island is pro- 
nounced, a small thermal low-pressure area forms 
over the city. Sometimes a light breeze—called a 
country breeze—blows from the countryside into the 
city. If there are major industrial areas along the city’s 
outskirts, pollutants are carried into the heart of town, 
where they tend to concentrate. This is especially true 
iflan inversion inhibits vertical mixing and dis- 
persion. 


AIR POLLUTION AND THE URBAN CLIMATE When theat- 
mosphere is unstable, convection currents mix the air 
and disperse pollution vertically. However, when an 
inversion exists above a city, such as the one shown in 
Fig. 19.2, mixing only occurs from the surface up to 
the base of the inversion. The stable inversion pre- 
vents mixing and, therefore, pollutants cannot escape 
into the air above it. Consequently, the inversion acts 
like a blanket on the air below. The low-lying unstable 
mixing layer extending upward from the surface to the 
base of the inversion is called the mixing depth. If the 
inversion rises, the mixing depth increases and the 
pollutants would be dispersed; if the inversion low- 
ers, the mixing depth would decrease and the pollu- 
tants would be more concentrated. 

On sunny days, as the ground warms, the layer of 
mixing usually increases as the inversion is slowly 
eroded away by rising thermals. At night, as the wind 
dies down and the air cools and becomes more stable, 


the mixing layer decreases, and the concentration of 
pollutants tends to increase. 

During the afternoon, the mixing layer over the city 
is similar to that over the nearby rural area. However, 
at night, the extra warmth of the city produces a shal- 
low unstable layer near the ground (Fig. 19.3). The 
depth of the nighttime city mixing layer varies but typ- 
ically it averages between 100 and 300 m. Pollutants 
emitted from low-level sources, such as home heating 
units, tend to concentrate in this shallow air layer, 
often making it unhealthy to breathe. 

When a deep anticyclone moves over a region and 
stalls, conditions may become ripe for an episode of 
severe air pollution. At the surface, winds are usually 
light. Aloft, sinking air warms by compression, pro- 


- ducing clear skies and a strong subsidence inversion 


that.suppresses vertical mixing. Near the surface, the 
weak winds and a shallow mixing layer are unable to 
adequately disperse the pollutants. This leads to a 
large concentration of pollution and a condition 
known as atmospheric stagnation. Some of the worst 
air pollution disasters (such as the one in the valley 
city of Donora, Pennsylvania, where in 1948 seven- 
teen persons died within fourteen hours) have oc- 
curred when this situation exists for several days to a 
week or more. (More information on the Donora disas- 
ter is found in the Focus section on p. 499.) 

Pollution can influence the climate of a city directly. 
Certain particles reflect solar radiation, thereby reduc- 
ing the sunlight that reaches the surface. Some par- 
ticles serve as nuclei upon which water and ice form. 
Water vapor condenses onto these particles when the 
relative humidity is as low as 70 percent, forming haze 
that greatly reduces visibility. Moreover, the added 
nuclei increase the frequency of city fog. - i 

Studies suggest that precipitation may be greater in 
cities than in the surrounding countryside. This may 
be due in part to the increased roughness of city ter- 
rain, brought on by large structures that cause surface 
air to slow and gradually converge. This piling-up of 
air over the city then slowly rises, much like tooth- 
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FIGURE 19.2 The inversion layer prevents pollutants from escaping ; 
into the air above it. If the inversion lowers, the mixing depth decreases 
and the pollutants are concentrated within a smaller volume. 


In an attempt to better understand the urban envi- 
ronment, many mesoscale studies have been con- 
ducted. One such study, Project BASIN (Basic studies 
on Airflow, Smog and INversion) got underway during 
August, 1984. The primary objective of this field in- . 
vestigation was to examine the airflow and air quality 
in the Los Angeles Basin. Many university students 
staffed upper-air stations around the clock in an effort 
to obtain a three-dimensional profile of airflow within 
the study area. Data produced from these types of proj- 
ects greatly enhance our understanding of how the 
urban environment is modified by human activities. 


E 


Top of inversion 


paste does when its tube is squeezed. At the same 
time, city heat warms the surface air, making it more 
unstable. This enhances rising air motions, which aids 
in forming clouds and thunderstorms. This helps ex- 
plain why both tend to be more frequent over cities. 
Table 19.1 summarizes the environmental influence 
of cities by contrasting the urban environment with 
the rural. . 


Altitude —— = 


city inversion . 


Temperature ——> . 


Temperature — 


FIGURE 19.3 Nighttime temperature profile over a city anda le area. 
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TABLE 19.1 E Contrast of the Urban and Rural Environment" 


URBAN AREA 
(CONTRASTEDTO 


- CONSTITUENTS RURALAREA) 


Pollution 
Sunlightreachingthe surface 
Temperature 
Relative humidity sE 
Visibility 
Fog (frequency) 
Wind speed 
Precipitation j 
 Cloudiness — 
Thunderstorm (frequency) 
*Values are omitted because they vary greatly depending 
upon city size, type of industry, and season of the year.: 


CLIMATE MODIFICATION OF URBAN AREAS Appar- 


ently, cities can affect the climate and weather down- 


wind from them. For example, a controversial study 
_ conducted at La Porte, Indiana—a city located about 
- 50 kilometers downwind of the industries of south 
Chicago—suggested that La Porte had experienced a 
notable increase in annual precipitation since 1925. 
Because this rise closely followed the increase in steel 
production, it was suggested that the phenomenon 
was due to the additional emission of particles or 
moisture (or both) by industries to the west of La Porte. 

A study. conducted in St. Louis, Missouri (the Met- 
ropolitan Meteorological Experiment, or METRO- 
MEX), indicated that the average annual precipitation 
downwind from this city increased by about 10 per- 


cent. These increases closely followed industrial de- A 
velopment upwind. This study also demonstrated that 


precipitation amounts were significantly greater on 
weekdays (when pollution emissions were higher) 


than on weekends (when pollution emissions were _ 


lower). Corroborative findings have been reported for 
Paris, France, and for other cities as well. 


Tiny liquid and solid particles (called aerosols) that — 


enter the atmosphere from both human and natural 


sources can remain suspended in the troposphere for : 


several days. The constant pouring of such particles 
into the environment may have an effect on the urban 
climate. 

The impact of these particles on climate is exceed- 
ingly complex and depends upon a number of factors, 
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such as size, shape, color, vertical distribution above 
the surface, water content of the surface, and surface 
albedo (reflectivity). For instance, where the particles 
are bright in relation to the surface below, the amount 
of sunlight reflected and scattered back to space is 
likely to increase, causing air temperatures to lower. 


` On the other hand, in regions where the particles are 


relatively dark compared to the surface below, greater 
absorption of sunlight by the particles could cause air 
temperatures aloft to rise. 

To further complicate the picture, studies ¿Hot 
that, even though certain particles may slightly lower 
the amount of sunlight reaching the surface, these 
same particles can selectively absorb outgoing in- 
frared radiation from the surface. This, of course, en- 
hances the atmospheric greenhouse effect and causes 
an overall warming of the air. Computer models indi- 
cate that the pollutant-laden haze layer (comprised 
mostly of soot), which apparently originates from in- 
dustrial complexes in Europe and northern Asia and 
drifts over the Arctic during the winter, may be re- 
sponsible for the atmospheric warming in that region. 
At present, research is still being done, and the net ef- 
fect of tropospheric aerosols on climate is not well un- 
derstood. (Information regarding the possible effect on 
climate from particles injected into the atmosphere 
during nuclear war is given in the Focus section on 
p. 502.) 

\ 


ACID DEPOSITION Air pollution emitted from indus- 
trial areas, especially products of combustion, such as 


-oxides of sulfur and nitrogen, can be carried many ki- 


lometers downwind. Either these particles and gases 
slowly settle to the ground in dry form (dry deposi- 
tion) or they are removed from the air during the for- 
mation of cloud particles and then carried to the 
ground in rain and snow (wet deposition). Acid rain 
and acid precipitation are common terms used to de- 
scribe wet deposition, while acid deposition encom- 
passes both dry and wet acidic substances. How, then, 
do these substances become acidic? 

Emissions of sulfur dioxide (SO,) and oxides of ni- 
trogen may settle on the local landscape, where they 
transform into acids as they interact with water, espe- 
cially during the formation of dew or frost. The re- 
maining airborne particles may transform into tiny di- 
lute drops of sulfuric acid (H,SO,) and nitric acid 
(HNO,) during a complex series of chemical reactions 


- involving sunlight, water vapor, and other gases. 


These acid particles may then fall slowly to earth, or 


On Tuesday morning, October 26, 1948, 
acold surface anticyclone moved over the 
eastern half of the United States. There 
was nothing unusual about this high- 
pressure area; with a central pressure of 
only 1025 mb (80.27 in.), it was not 
exceptionally strong (Fig. 1). Aloft, 
however, a large blocking-type ridge 
formed over the region, and the jet stream, 
which moves the surface pressure 
features along, was far to the west. 
Consequently, the surface anticyclone 
became entrenched over Pennsylvania 
and remained nearly stationary for five 
days. 

The widely spaced isobars around the 
high-pressure system produced a weak 
pressure gradient and generally light 
winds throughout the area. These light 
winds, coupled with the gradual sinking of 


_air from aloft, set the stage for a disastrous 


air pollution episode. 

- On Tuesday morning, radiation fog 
gradually settled over the moist ground in 
Donora, a small town nestled in the 
Monongahela Valley of western Pennsyl- 
vania. Because Donora rests on bottom 
land, surrounded by rolling hills, its 
residents were accustomed to fog, but 
not what was to follow. 

The strong radiational cooling that 
formed the fog, along with the sinking air 
of the anticyclone, combined to produce 
a strong temperature inversion. Light, 
downslope winds spread cool air and 
contaminants over Donora from the 
community's steel mill, zinc smelter, and 
sulfuric acid plant. | 

The fog with its burden of pollutants _ 
lingered into Wednesday. Cool drainage 
winds during the night strengthened the 
inversion and added more effluents to the 
already filthy air. The dense fog layer 
blocked sunlight from reaching the . : 
ground. With essentially no surface 
heating, the mixing depth lowered and the 
pollution became more concentrated. 
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FIGURE1 Surface weather map that shows a stagnant anticyclone over the eastern United 
States on October 26, 1948. The heavy arrow represents the position of the jet stream. 


Unable to mix and disperse both 
horizontally and vertically, the dirty air 
became confined to a shallow, stagnant 
layer. 

Meanwhile, the factories continued to 
belch impurities into the air (primarily sulfur 
dioxide and particulate matter) from 
stacks no higher than 40 m tall. The fog 
gradually thickened into a moist clot of 
smoke and water droplets. By Thursday, 
the visibility had decreased to the point 
where one could barely see across the 
street. At the same time, the air hada 
penetrating, almost sickening, smell of 
sulfur dioxide. At this point, a large 
percentage of the population became ill. 

The episode reached a climax on 


_ Saturday, as seventeen deaths were 


reported. As the death rate mounted, * 
alarm swept through the town. An 


| 


emergency meeting was called between . . 


city officials and factory representatives to 
see what could be done to cut down on 
the emission of pollutants. 

The light winds and unbreathable air 


ing storm generated enough wind to 
vertically mix the air and disperse the . 
pollutants. A welcome rain then cleaned 
the air further. All told, the episode had 
claimed the lives of 22 people. During the 
five-day period, about half of the area's 
14,000 inhabitants experienced some ill 
effects from the pollution. Most of those 
affected were older people with a history 
of cardiac or respiratory disorders. 


- persisted until, on Sunday, an approach- | 
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they may adhere to cloud droplets or to fog droplets, 
producing acid fog. They may even act as nuclei on 
which the cloud droplets begin to grow. When precip- 
itation occurs in the cloud, it carries the acids to the 
ground. Because of this, precipitation is becoming in- 
creasingly acidic in many parts of the world, espe- 
cially downwind of major industrial areas. 
Airborne studies conducted during the middle 
1980s revealed that high concentrations of acid-rain- 
producing pollutants can be carried great distances 
from their sources. In 1986, for example, scientists dis- 
covered high concentrations of pollutants about 600 


- kilometers off the east coast of North America. Itis sus- 


pected that they came from industrial East Coast 


cities. Although most pollutants are washed from the 


atmosphere during storms, some may be swept over 
the Atlantic, reaching places like Bermuda and Ire- 
land. Acid rain knows no national boundaries. 
Although recent studies suggest that acid precipita- 
tion may be nearly worldwide in distribution, regions 
noticeably affected are eastern North America, central 


Europe, and Scandinavia. Sweden contends that most 


of the sulfur emissions responsible for its acid precipi- 
tation are coming from factories in England. In some 
places, acid precipitation occurs naturally, such as in 
northern Canada, where natural fires in exposed coal 
beds produce tremendous quantities of sulfur dioxide. 

High concentrations of acid deposition candamage 
plants and water resources (freshwater ecosystems 
seem to be particularly sensitive to changes in acid- 
ity). Concern centers chiefly on areas where interac- 
tions with the soil are unable to neutralize the acidic 
inputs. Studies indicate that thousands of lakes in the 
United States and Canada are so acidified that entire 
fish populations may have been adversely affected. In 
an attempt to reduce acidity, lime is being poured into 


-some lakes. 


About a third of the trees in any show signs ofa 


- blight that is due, in part, to acid deposition. Appar- 


ently, acidic particles raining down on the forest floor 
for decades cause a chemical imbalance in the soil 
that, in turn, causes serious deficiencies in certain ele- 
ments necessary for the tree's growth. The trees are 
thus weakened and become susceptible to insects and 
drought. The same type of processes may be affecting 
North American forests, but at a much slower pace, as 
many forests above about 1000 m (3000 ft) from New 
England to South Carolina appear to be 1 in serious 
decline. l 


CHAPTER 19 CLIMATE MODIFICATION AND CHANGE 


Also, acid deposition is eroding the foundations of 
structures in many cities throughout the world: In 
Rome, the acidity of rainfall is beginning to disfigure 
priceless outdoor fountain sculptures and statues. The 


-estimated annual cost of this damage to building sur- 


faces, monuments, and other structures is more than 
$2 billion. 

Precipitation is naturally somewhat acidic. The car- 
bon dioxide occurring naturally inthe air dissolves in 
precipitation, making it slightly acidic with a pH* of 
5.6. Consequently, precipitation is considered acidic 
when its pH is below 5.6. In the northeastern United 
States, where emissions of sulfur dioxide are primar- 


‘ily responsible for the acid precipitation, typical pH 


values range between 4.0 and 4.5. (See Fig. 19.4.) But 
acid precipitation is not confined to the Northeast; the 
acidity of precipitation has increased rapidly during 
the past 20 years in the southeastern states, too. 
Further west, rainfall acidity also appears to be on the 
increase. One area north of Denver reported nearly a 


_sevenfold increase in just 4 years. Along the West 
-Coast, the main cause of acid deposition appears to be 


the oxides of nitrogen released in automobile exhaust. 


Acid fog, with a pH of 1.7 in the Los Angeles area, has 


actually been more acidic than lemon juice. 

Some scientists believe that if the United States 
turns more to coal-fired power plants, which are 
among the leading sources of sulfur oxide emissions, 
the acid deposition problem will worsen. In fact, there 
are experts who feel that the acid rain dilemma may be 
one of the greatest environmental problems facing the 
world in the near future. 

In an attempt to better understand acid deposition, 
the Regional ‘Acid Deposition Modeling Project was 
developed in 1983. Jointly, the National Center for At- 
mospheric Research (NCAR) and the Environmental 
Protection Agency (EPA) have been working together 
to develop computer models that better describe the 
many physical and chemical processes contributing to 
acid deposition. To deal with its acid deposition prob- 
lem, Canada has recently imposed new pollution con- 
trol standards and set a goal of reducing industrial air 
pollution by 50 percent. 


*The pH scale ranges from 0 to 14, with a value of 7 considered neu- 
tral. Values greater than 7 are alkaline and below 7 are acidic. The 
scale is logarithmic, which means that rain with pH 3 is 10 times 
more acidic than rain with pH 4 and 100 times more acidic than 
rain with pH 5. 


FIGURE 19.4 Annual average value of pH in 
precipitation weighted by the amount of 
precipitation in the United States and Canada 
for 1980. 


Up to this point, we have considered climate mod- 
ification and change on a relatively small scale. Now, 
however, we will turn our attention to climatic change 
over a much broader area—the changing climate of the 
earth. 


Sl THE EARTH'S CHANGING CLIMATE 


We saw earlier in this chapter that the climate of the 
earth has always been changing. In fact, only about 
18,000 years ago the earth was in the grip of a cold 
spell, with alpine glaciers extending their ice fingers 
down river valleys and huge ice sheets (continental 
glaciers) covering vast areas of North America and 
. Europe. The ice measured several kilometers thick 
and extended as far south as New York and the Ohio 
River Valley. Perhaps the glaciers advanced 10 times 
during the last 2 million years, only to retreat. In the 
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warmer periods, between glacier advances, average 
global temperatures were slightly higher than at pres- 
ent. Hence, some scientists believe we are still in an 


ice age, but in the comparatively warmer part of it. 


Presently, glaciers cover only about 10 percent of 
the earth’s land surface. The total volume of ice over 
the face of the earth amounts to a little more than 25 
million km’. If global temperatures were to rise 
enough so that all of this ice melted, the level of the 
ocean would rise about 65 m (213 ft). Imagine the cat- 
astrophic results: Many major cities (such as New 
York, Tokyo, and London) would be inundated. Even 
a rise in global temperature of several degrees Celsius 
might be enough to raise sea level by about half a meter 
or so, flooding coastal lowlands. - pr? 

How has the climate changed, and what evidence is 
there to suggest that indeed it has changed? These are 
some of the questions we will address in the next sev- 
eral sections. 
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A number of studies indicate thata : 
nuclear war involving hundreds or 
thousands of nuclear detonations would 
drastically modify the earth's climate. . 

Researchers assume that a nuclear war 
would raise an enormous pall of thick, 
sooty smoke from massive fires that 
would bum for days, even weeks, 


- following an attack. The smoke would drift - 


higher into the atmosphere, where it - 
would be caught in the upper-level 


< westerlies and circle the middle latitudes 


of the Northern Hemisphere. Unlike soil 
dust, which mainly scatters and reflects 
incoming solar radiation, soot particles 
readily absorb sunlight. Hence, for several 
weeks after the war, sunlight would 


` virtually be unable to penetrate the smoke 


layer, bringing darkness or, at best, 


- twilight at midday. 


- Such reduction in solar energy would 


~ Cause surface air temperatures over land 
-masses to drop below freezing, even - 


during the summer, resulting in extensive 
damage to plants and crops and the 
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death of millions of people. The dark, cold, 
and gloomy conditions that would be 
brought on by nuclear war is often 


__ referred to as nuclear winter. 


As the lower troposphere cools, the 
solar energy absorbed by the smoke 
particles in the upper troposphere would 
cause this region to warm. The end result 
would be a strong, stable temperature 
inversion extending from the surface up 
into the higher atmosphere. A strong 
inversion would lead to a number of ~ 


_adverse effects, such as suppressing 
“convection, altering precipitation 
_ processes, and causing major changes in 
- the general wind patterns.. 


The heating of the upper part of the 
smoke cloud would cause it to rise 
upward into the stratosphere, where it 
would then drift southward. Thus, about 


‘one-third of the smoke would remain in 


the atmosphere for a year or longer. The 
other two-thirds would be washed outina 
month or so by precipitation. This smoke 
lofting, combined with persisting sea ice 


* formed by the initial cooling, would 
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produce climatic change that would 
remain for several years. 

Oxides of nitrogen produced by the 
nuclear explosions would be lofted into 
the stratosphere with the smoke, where 
they would destroy ozone. The reduction 
of ozone would allow excess ultraviolet ; 
radiation to reach the surface, where it 
would have an adverse effect on plants, 
animals, and humans. 

Virtually all research on nuclear winter 
confirms this gloomy scenario. Observa- ' 
tions of forest fires show lower tempera- 
tures under the smoke, confirming part of 
the theory. A three-year study involving 
more than 300 scientists from more than 
30 countries conducted by the Scientific 
Committee On Problems of the Environ- 
ment (SCOPE) of the International Council 
of Scientific Unions has detailed the _ 
Climatic, environmental, and agricultural! 
effects of nuclear winter. The implications 
of nuclear winter are clear: A nuclear war 
would drastically alter global climate and 
would devastate our living environment. 


DETERMINING PAST CLIMATES The study of the 
geological evidence left behind by advancing and re- 
treating glaciers is one factor suggesting that global cli- 
mate has undergone slow but continuous changes. To 
reconstruct past climates, scientists must examine 
and then carefully piece together all the available evi- 
dence. Unfortunately, the evidence only gives a gen- 
eral understanding of what the climate was like. For 
example, fossil pollen of a tundra plant collected in a 
layer of sediment in New England and dated to be 
12,000 years old suggests that the climate of that re- 
gion was much colder than it is today. 

Other biological evidence of climatic change comes 
from the study of annual growth rings of trees, called 
dendrochronology. As a tree grows, it produces a layer 
of wood cells under its bark. When the tree is cut 


down, each year’s growth appears as a ring. The 
changes in thickness of the rings indicate climatic 
changes that may have taken place from one year to the 
next. The growth of tree rings has been correlated with 
precipitation and temperature patterns for hundreds 
of years into the past in various regions of the world. 
Still other evidence of global climatic change comes 
from core samples taken from ocean floor sediments 


and ice from Greenland. A multiuniversity research 


project known as CLIMAP (Climate: long-range inves- 
tigation mapping and prediction) studied the past mil- 
lion years of global climate. Thousands of meters of 
ocean sediment obtained with a hollow-centered drill 


-were analyzed. The sediment contains the remains of 


calcium carbonate shells of organisms that once lived 
near the surface. Because certain organisms live 


within a narrow range of temperature, the distribution 
and type of organisms within the sediment indicate 
the surface water temperature. 

In addition, the oxygen-isotope* ratio of these shells 
provide information about the sequence of glacier ad- 
vances. For example, most of the oxygen in sea water 
is composed of 8 protons and 8 neutrons in its nu- 
cleus, giving it an atomic weight of 16. However, about 
one out of every thousand oxygen atoms contains an 
extra 2 neutrons, giving it an atomic weight of 18. 
When ocean water evaporates, the heavy oxygen 18 
tends to be left behind. Consequently, during periods 
of glacier advance, more oxygen 16 is stored on land as 
ice, and the oceans, which contain less water, have a 
higher concentration of oxygen 18. Since the shells of 
marine organisms are constructed from the oxygen 
atoms existing in ocean water, determining the ratio of 
oxygen 18 to oxygen 16 within these shells yields in- 
formation about how the climate may have altered in 


/ the past. A higher ratio of oxygen 18 to oxygen 16 in 


the sediment record suggests a colder climate, while a 
_ lower ratio suggests a warmer climate. Using data such 

sas these, the CLIMAP project was able to reconstruct 
the earth’s surface ocean temperature for various 
times during the past (Fig. 19.5). 

Vertical ice cores extracted from glaciers in Antarc- 
tica and Greenland provide additional information on 
past temperature patterns. Glaciers form over land 
where temperatures are sufficiently low so that, dur- 


*Isotopes are atoms whose nuclei have the same number of protons 
but different numbers of neutrons. 
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ing the course of a year, more snow falls than will melt. 
Successive snow accumulations over many years 
compact the snow, which slowly recrystallizes into 
ice. Under the influence of gravity, the ice begins to 
move, and a glacier is born. Since ice is composed of 
hydrogen and oxygen, examining the oxygen-isotope 
ratio in ancient cores provides a past record of temper- 
ature trends. Generally, the colder the air when the 
snow fell, the richer the concentration OF oxygen 16 in 
the core. 

Other data have been used to reconstruct past cli- 
mates, such as: 


1. analysis of sulfuric acid in ice cores as well as 
trapped air bubbles containing CO, and CH, 

2. natural records of lake-bottom sediment and soil 
deposits 

3. the study of pollen in deep ice caves, soil deposits, 
and sea sediments 

4. certain geologic evidence (ancient coal beds, sand 
dunes, and fossils) 

5. documents Senge droughts, floods, and siop 
yields 


Despite all of these data, our knowledge about past 
climates is still incomplete. Now that we have re- 
viewed how the climatologist gains information about 


_ the past, let's look at what this information reveals. 


CLIMATE THROUGH THE AGES Throughout much of 
the earth’s history, the global climate was probably be- 
tween 8°C and 15°C warmer than it is today. During 
most of this time, the polar regions were free of ice. 
These comparatively warm conditions, however, 


(a) 


(b) 


FIGURE 19.5 (a) Seasurface isotherms (°C) during August 18, 000 years ago and ato) during August : 


today. 
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were interrupted by several periods of glaciation. 
Geologic evidence suggests that one glacial period oc- 
curred about 700 million years ago (m.y.a.) and 
another about 300 m.y.a. The most recent one—the 
Pleistocene epoch or, simply, the Ice Age—began 


about 2 m.y.a. Let’s summarize the climatic condi- 


tions that led up to the Pleistocene. . 


About 65 m.y.a., the earth was warmer than it is — 


now; polar ice caps did not exist. Beginning about 55 
m.y.a., the earth entered a long cooling trend. After 
millions of years, polar ice appeared. As average tem- 
peratures continued to lower, the ice grew thicker, and 
by about 10 m.y.a. a deep blanket of ice covered the 
Antarctic. Meanwhile, snow and ice began to accumu- 
late in high mountain valleys of the Northern Hemi- 
sphere, and alpine, or valley, glaciers soon appeared. 

_ About 2 m.y.a., continental glaciers appeared in the 
Northern Hemisphere, marking the beginning of the 
Pleistocene epoch. The Pleistocene, however, was not 


» a period of continuous glaciation but a time when 
glaciers alternately advanced -and retreated (melted - 


back) over large portions of: North America and 
Europe. Between the glacial advances were warmer 


periods called interglacial periods, which lasted for 


10,000 years or more. ; 

..The most recent North American glaciers reached 
their maximum thickness and extent about 18,000- 
22,000 years ago (y.a.). At that time, the sealevel was 
perhaps 85 m (280 ft) lower than it is now. The lower 
sea level exposed vast areas of land, such as the Bering 
land bridge (a strip of land that connected Siberia to 


Alaska), which allowed human migration from Asia to 


North America. ; 

The ice began to retreat about 14,000 y.a., and by 
about 8000 y.a. the continental ice sheets over North 
America were gone. From about 7000—5000 y.a. the 
climate was probably about 1°C warmer than at pres- 
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FIGURE 19.6 The average temperature variations of eastern Europe : 
for about the last 1200 years. . de - 
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ent. Because this period favored the development of 
plants, it is called the climatic optimum. Then, about 
5000 y.a., a cooling trend set in, during which exten- 
sive alpine glaciers returned, but not continental ice 
sheets. 


CLIMATE DURING THE LAST 1000 YEARS About 1000 
y.a., the Northern Hemisphere was relatively warm 
and dry. During this time, vineyards flourished and 
wine was produced in England, indicating warm, dry 
summers and the absence of cold springs. It was dur- 
ing this tranquil period of several hundred years that 
the Vikings colonized Iceland and Greenland. 

Sometime around A.D. 1200, the mild climate of 
western Europe began to show extreme variations. For 
several hundred years the climate grew stormy. Both 
great floods and great droughts occurred. Extremely 
cold winters were followed by relatively warm ones. 
During the cold spells, the English vineyards and the 
Viking settlements suffered. Europe experienced sev- 
eral famines during the 1300s. ; 

Around 1400 to 1550, the climate moderated (Fig. 
19.6). However, starting in the middle 1550s, the aver- 
age temperature began to drop. This cooling trend 
(which continued for almost 300 years) is known as 
the Little Ice Age. During this time, alpine glaciers in- 
creased in size and advanced down river canyons. 
Winters were long and severe, summers short and wet. 
The vineyards in England vanished and farming be- 
came impossible in the more northerly latitudes. Cut 
off from the rest of the world by an advancing ice pack, 
the Viking colony in Greenland perished. 

During the Little Ice Age, one particular year stands 
out: 1816. In Europe that year, bad weather contrib- 
uted to a poor wheat crop, and famine spread across 
the land. In North America, unusual blasts of cold arc- 
tic air moved through Canada and the northeastern 
United States between May and September. The cold 
spells brought heavy snow in June and killing frosts in 
July and August. In the warmer days that followed 
each cold snap, farmers replanted, only to have 
another cold outbreak damage the planting. The year 
1816 has come to be known as “the year without a 
summer” or “eighteen hundred and froze-to-death.” 
The unusually cold summer was followed by a bitterly 
cold winter. 

In the late 1800s, the average temperature in the 
Northern Hemisphere began to rise. (See Fig. 19.7.) 
From about 1900 until about 1940, the average temper- 


FIGURE 19.7 Changes in the average 0.5 
global surface air temperature from 1900 
to 1987. The zero line represents the 


average surface airtemperature from 1950 O 
to 1979. [From P. D. Jones et al., ee 
“Evidence for global warming in the past D 
decade,” Nature (28 April 1988) 332: 790. 8 
Reprinted with permission.] Ó 0.0 
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ature of the lower atmosphere rose nearly 0.5°C. Fol- 
lowing the warmer period, the Northern Hemisphere 
began to cool slightly over the next 25 years or so. In 
the late 1960s and early 1970s, the cooling trend 


ended over most of the Northern Hemisphere. During . 


the 1970s and into the 1980s, the average yearly tem- 
perature showed considerable fluctuation from year to 
year and from region to region, with the overall trend 
pointing to warming. The decade of the 1980s has 


been the warmest of this century so far. Several - 


studies, in fact, indicate that the earth’s surface may 
have warmed by about 0.5°C (about 1°F) over the last 
100 years. 


Il POSSIBLE CAUSES OF CLIMATIC CHANGE 


Why the earth’s climate changes is not totally under- 
stood. Many theories attempt to explain the changing 
climate, but no single theory alone can satisfactorily 
account for all the climatic variations of the geologic 
past. 

Why hasn’t the riddle of a fluctuating climate been 
solved? One major problem facing any comprehensive 
theory is the intricate interrelationship of the ele- 
ments involved. For example, if temperature changes, 
many other elements may be altered as well. The in- 
teractions among the atmosphere, the oceans, and the 
ice are extremely complex and the number of possible 
interactions among these systems is enormous. No 
climatic element within the system is isolated from 
the others. With this in mind, we will first investigate a 
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warmer and a cooler world to see how feedback sys- 
tems work; then we will consider some of the current 
theories of climatic change. 


CLIMATE CHANGE AND FEEDBACK MECHANISMS Re- 
call (Chapter 3) that the earth-atmosphere system is in 
a delicate balance between incoming and outgoing 
energy. If this balance is upset, even slightly, global 
climate can undergo a series of complicated changes. 

Let's assume that the earth-atmosphere system has 
been disturbed to the point that the earth has entered a 
slow warming trend. (At this point we need not worry 
about why—that comes later.) Over the years the tem- 
perature slowly rises, and water from the oceans 
rapidly evaporate into the warmer air. The increased 
quantity of water vapor absorbs more of the earth’s in- 
frared energy, thus strengthening the atmospheric 
greenhouse effect.* This raises the air temperature 
even more, which, in turn, further increases the evap- 
oration rate. The greenhouse effect becomes even 
stronger and the air temperature rises even more. If left 
unchecked, the temperature would increase until the 
oceans boiled away. Such a chain reaction is called a 
runaway greenhouse effect. This situation is known as 
a positive feedback mechanism because the initial in- 
crease in temperature is reinforced by the other pro- 
cesses that occur. 


*The earth’s atmospheric greenhouse effect is due mainly to the ab- 
sorption and re-emission of infrared radiation by gases such as 
water vapor and CO,. Refer back to Chapter 3 for additional infor- 
mation on this topic. l 
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The earth-atmosphere system has a number of 
checks and balances that help it readjust itself into a 
new equilibrium. Hence, a runaway greenhouse effect 
is not very likely on eärth. Helping to counteract the 
positive feedback mechanisms are negative feedback 


mechanisms—those that tend to weaken the interac- . 


tions among the variables rather than reinforce them. 
Let’s look at an example of how a negative feedback 
mechanism might work on a warming planet. As the 
air warms and becomes more moist, there is a greater 
likelihood of convection and, perhaps, an increase in 
global cloudiness. A greater cloud cover reflects a 
larger percentage of incoming sunlight. Because there 
is less solar energy to warm the ground, the oar is 
slowed, or perhaps even reversed. 

How do feedback systems affect a slow global ool: 
ing trend over hundreds or even thousands of years? 
Lower temperatures would allow for a greater snow 
cover in middle and high latitudes. Because snow has 
a high albedo (reflectivity), much of the incident sun- 
light would be reflected back to space. Less sunlight 
absorbed at the surface would cause a further drop in 
temperature. This, in turn, would increase the snow 
cover, which would lower the temperature even more. 
This positive feedback mechanism, if left unchecked, 
would produce a runaway ice age. A runaway ice age 
is not likely because the earth-atmosphere system 
would respond to the cooling with other feedback 
mechanisms. 


CLIMATE CHANGE, PLATE TECTONICS, AND MOUNTAIN 


BUILDING During the geologic past, the earth’s sur- 
face has undergone extensive modifications. One in- 
volves the slow shifting of the continents and the 


ocean floors. This motion is explained in the widely - 


acclaimed theory of plate tectonics (formerly called 
the theory of continental drift). According to this 
theory, the earth’s outer shell is composed of huge 
plates that fit together like pieces of a jigsaw puzzle. 
The plates, which slide over a partially molten zone 
below them, move in relation to one another. Conti- 


nents are embedded in the plates and move along like 


luggage riding piggyback on a conveyer belt. The rate 
of motion is extremely slow, only a few centimeters 
per year. 

Besides providing insights into many onda 
processes, plate tectonics also helps to explain past 
climates. For example, we find glacial features near 
sea level in Africa today. This suggests that the area 
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underwent a period of glaciation hundreds of millions 
of years ago. Were temperatures at low elevations near 
the equator ever cold enough to produce ice sheets? 
Probably not. The ice sheets formed when this land 
mass was located at a much higher latitude. Over the 
many millions of years since then, the land has slowly 
moved to its present position. Alongthe same line, we 
can see how the fossil remains of tropical vegetation 
can be found under layers oficein polar regions today. 

According to plate tectonics, the now existing conti- 
nents were at one time joined together in a single huge 
continent, which broke apart. Its pieces slowly moved 
across the face of the earth, thus changing the distribu- 
tion of continents and ocean basins. Some scientists 
feel that, when land masses are concentrated in mid- 
dle and high latitudes, ice sheets are more likely to 
form. During these times, there is a greater likelihood 
that more sunlight will be reflected back into space 
and that the positive feedback mechanism mentioned 
earlier will develop. 

The various arrangements of the continents may 
also influence the path of ocean currents. This would 
alter the transport of heat from low to high latitudes 
and change both the global wind system and the cli- 
mate in middle and high latitudes. As an example, 
suppose that plate movement “pinches off” a rather 
large body of high latitude ocean water such that the 
transport of warm water into the region is cut off. In 
winter, the surface water would eventually freeze over 
with ice. This freezing would, in turn, reduce the 
amount of sensible and latent heat given up to the at- 
mosphere. Furthermore, the ice allows snow to ac- 
cumulate on top of it, thereby setting up conditions 
that could lead to even lower temperatures. 

`: There are other mechanisms by which tectonic pro- 
cesses* may influence climate. In Fig. 19.8, notice that 
the formation of oceanic plates (plates that lie beneath 
the ocean) begins at a ridge, where dense, molten ma- 


, terial from inside the earth wells up to the surface, . 


forming new sea floor material as it hardens. Spread- 
ing (on the order of several centimeters a year) takes 
place at the ridge center, where two oceanic plates 
move away from one another. When an oceanic plate 
encounters a lighter continental plate it responds by 
diving under it, in a process called subduction. Heat 
and pressure then melt a portion of the subducting 


*Tectonic processes are large- scale' processes that deform the 
earth’s crust. 
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FIGURE 19.8 The earth is composed of a series of moving plates. The rate at which plates move 
(spread) may influence global climate. During times of rapid spreading, increased volcanic activity 
coupled with higher ocean levels and reduced chemical weathering of rocks may promote global 
warming by enriching the CO, content of the atmosphere. 


rock, which usually consists of volcanic rock and cal- 
cium-rich ocean sediment. The molten rock may then 


gradually work its way to the surface, producing vol- | 


canic eruptions that spew water vapor and carbon 
dioxide into the atmosphere. The release of these 
gases (called degassing) usually takes place at other 
locations as well, for instance, at ridges where new 
crustal rock is forming. 

Some scientists speculate that climatic change, 
which takes place over millions of years, might be re- 
lated to the rate at which the plates move and, hence, 
related to the amount of CO, in the air. For example, 
during times of rapid spreading, a relatively wide 
ridge forms, causing sea level to rise relative to the 
continents. At the same time, an increase in volcanic 
activity vents large quantities of CO, into the atmo- 
sphere, which enhances the atmospheric greenhouse 
effect, causing global temperatures to rise. Moreover, a 
higher sea level means that there is less exposed land- 
mass and, presumably, less chemical weathering of 
rocks—a process that removes CO, from the atmo- 
sphere. However, as global temperatures climb, a 


negative feedback kicks in, and increasing tempera- 
tures promote chemical weathering that removes at- 
mospheric CO, at a faster rate. 

Millions of years later, when spreading rates de- 
crease, less volcanic activity means less degassing. 
The changing shape of the underwater ridge causes 
the sea level to drop relative to the continents, expos- 
ing more rocks for chemical attack and the removal of 
CO, from the air. A reduction in CO, levels weakens 
the greenhouse effect, which causes global tempera- 
tures to drop. The accumulation of ice and snow over 
portions of the continents may promote additional 
cooling by reflecting more sunlight back to space. The 
cooling, however, will not go unchecked, as lower 
temperatures retard the chemical weathering of rocks 
and the depletion of atmospheric CQ). 

A chain of volcanic mountains forming above a sub- 
duction zone may disrupt the air flow over them, espe- 
cially if their orientation is north-south. By the same 
token, mountain building that occurs when two conti- 
nental plates collide (like that which presumably 
formed the Himalayan Mountains and Tibetan high- 
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FIGURE 19.9 For e earth’ s orbit to stretch from nearly a circle 
(dashed line) to an elliptical orbit (solid line) and back again takes nearly 
100,000 years. (Diagram is not to scale.) 


lands) can have a marked influence on global circula- 


tion patterns and, hence, on the climate of an entire 


hemisphere. 
Up to now, we have examined How climatic vari- 
ations can take place over millions of years due to the 


‘movement of continents and the associated restructur- 


ing of landmasses, mountains, and oceans. We will 
now turn our attention to variations in the earth’s orbit 


that may account for climatic fluctuations that take 


place on a time scale of tens of thousands of years. 


CLIMATE CHANGE AND VARIATIONS IN THE EARTH'S 


‘ORBIT’ A popular theory ascribing climatic changes 


to variations in the earth’s orbit is the Milankovitch 


. theory, named for the Yugoslavian astronomer Milu- 
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FIGURE 19.10 (a) Like a Shin top, the dls s axis of ate 
slowly moves and traces out the path of a cone in space. (b) Presently 
the earthis closer to the sun in January, when the Northern Hemisphere 
experiences winter. (c) In about 11,000 years, due to precession, the 


earth will be closer to the sun in pee when the Northern Hemisphere 


experiences summer. 
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tin Milankovitch, who first proposed the idea in the 
1930s. The basic premise of this theory is that, as the 
earth travels through space, three separate cyclic 
movements combine to produce variations in the 
amount of solar energy that falls on the earth. 

The first cycle deals with changes in the shape (ec- 
centricity) of the earth’s orbitas the earth revolves 
about the sun. Notice in Fig. 19.9 that the earth’s orbit : 
changes from being elliptical to being nearly circular. 
To go from less elliptical to more elliptical and back 
again takes about 100,000 years. The greaterthe eccen- 
tricity of the orbit, the greater the variation in solar 
energy received at the top of the atmosphere between 
the earth's closest and farthest approach to the sun. 

Presently, we are ina period of low eccentricity. The 
earth is closer tothe sun in January and farther away in 
July (see Chapter 4). The difference in distance (which 
only amounts to about 3 percent) is responsible for a 
nearly 7 percent increase in the solar energy received 
at the top of the atmosphere from July to January. 
When the difference in distance is 9 percent (a highly 
eccentric orbit), the difference in solar energy received 
will be on the order of 20 percent. In addition, the 
more eccentric orbit will change the length of seasons 
in each hemisphere by changing the length of time be- 
tween the vernal and autumnal equinoxes. 

The second cycle takes into account the fact that, as 


the earth rotates on its axis, it wobbles like a spinning 


top. This wobble, known as the precession of the 
earth’s axis, occurs in a cycle of about 23,000 years. 


` Presently, the earth is closer to the sun in January and 


farther away in July. Due to precession, the reverse 
will be true in about 11,000 years (see Fig. 19.10). In 
about :23,000 years we will be back to where we are 
today. This means, of course, that if everything else re- 
mains the same, 11,000 years from now seasonal vari- 
ations in the Northern Hemisphere should be greater 
than at present. The opposite would be true for the 
Southern Hemisphere.. 

The third cycle takes about 41,000 years to complete 


_and relates to the changes in tilt (obliquity) of the earth 


as it orbits the sun. Presently, the earth’s orbital tilt is 
2342”, but during the 41,000-year cycle the tilt varies 
from about 22° to 241°. The smaller the tilt, the less 
seasonal variation there is between summer and win- 
ter in middle and high latitudes. Thus, winters tend to 
be milder and summers cooler. During the warmer 
winters, more snow would probably fall in polar re- 
gions due to the air’s increased capacity for water 
vapor. And during the cooler summers, less snow 


would melt. As a consequence, the periods of smaller 
tilt would tend to promote the formation of glaciers in 
high latitudes. In fact, when all of the cycles are taken 
into account, the present trend should be toward a 
cooler climate over the Northern Hemisphere, with 
extensive glaciation. 

In summary, the Milankovitch cycles that combine 
to produce variations in solar radiation received at the 
earth’s surface include: 


1. changes in the shape (eccentricity) of the earth’s 
orbit about the sun | 

2. precession of the earth's axis of rotation, or wob- 
bling 

3. changes in the tilt (obliquity) of the earth’s axis 


In the 1970s, scientists of the CLIMAP project found 
strong evidence in deep-ocean sediments that vari- 
ations in climate during the past several hundred 
thousand years were closely associated with the Mil- 
ankovitch cycles. Recent studies have even strength- 
ened this premise. For example, studies conclude that 
during the past 800,000 years, ice sheets have peaked 
about every 100,000 years. This conclusion corre- 
sponds naturally to variations in the earth’s eccentric- 
ity. Superimposed on this situation are smaller ice ad- 
vances that show up at intervals of about 41,000 years 
and 23,000 years. It appears, then, that eccentricity is 
the forcing factor—the external cause—for the fre- 
quency of glaciation, as it appears to control the sever- 
ity of the climatic variation. 

But orbital changes alone are probably not totally re- 
sponsible for ice buildup and retreat. Recent evidence 
(from trapped air bubbles in the ice sheets of Green- 
land and Antarctica representing thousands of years 
of snow accumulation) reveal that CO, levels were 
about 30 percent lower during colder glacial periods 
than during warmer interglacial periods. (See Fig. 
19.11.) This knowledge suggests that lower atmo- 
spheric CO, levels may have had the effect of amplify- 
ing the cooling initiated by the orbital changes. Like- 
wise, increasing CO, levels at the end of the glacial 
period may have accounted for the rapid melting of 
the ice sheets. Just why atmospheric CO, levels have 
varied as glaciers expanded and contracted stirs up 
much debate, but it appears to be due to changes in 
biological activity taking place in the oceans. 

Perhaps, also, changing levels of CO, indicate a shift 
in ocean circulation patterns. Such shifts, brought on 
by changes in precipitation and- evaporation rates, 
may alter the distribution of heat energy around the 
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world. Alteration wrought in this manner could, in 
turn, affect the global circulation of winds, which may 
explain why alpine glaciers in the Southern Hemi- 
sphere expanded and contracted in tune with North- 
ern Hemisphere glaciers during the last ice age, even 
though the Southern Hemisphere (according to the 
Milankovitch cycles) was not in an orbital position for 
glaciation. 

Still other factors may work in conjunction with the 
earth’s orbital changes to explain the temperature 
variations between glacial and interglacial periods. 
Some of these are: 


1. the amount of dust in the atmosphere 

2. the reflectivity of the ice sheets 

3. the concentration of other trace gases, such as 
methane 

4. the changing characteristics of clouds 

5. the rebounding of land, having been depressed by 
ice 


Hence, the Milankovitch cycles, in association with 
other natural factors, may explain the advance and re- 
treat of ice over periods of 10,000 to 100,000 years. But 
what caused the Ice Age to begin in the first place? And 
why have periods of glaciation been so infrequent dur- 
ing geologic time? The Milankovitch theory does not 
attempt to answer these questions. 


CLIMATE CHANGE AND VOLCANIC ERUPTIONS A major 
volcanic eruption will not cause an ice age, but it 
might lower surface air temperatures by about 0.2°C 
for a few years afterward. 

During volcanic eruptions, fine particles of ash and 
dust (as well as gases) can be ejected into the strato- 
sphere (see Fig. 19.12). Scientists agree that the vol- 
canic eruptions having the greatest impact on climate 
are those rich in sulfur gases. These gases, over a 
period of about two months, combine with water 
vapor in the presence of sunlight to produce tiny, 
bright sulfuric acid particles that grow in size, forming 
a dense layer of haze. As heavier particles fall out of 
the stratosphere, new particles form. And so the haze 
layer may reside in the stratosphere for several years, 
absorbing and reflecting back to space a portion of the 
sun’s incoming energy. This reduction in sunlight 
may cause a decrease in average global surface temper- 
ature, especially in the hemisphere where the erup- 
tion occurs. Both observation and the latest numerical 
climate models suggest that the cooling response to 
volcanic eruptions is greatest during the winter. _ 


bubbles of ancient air in the polar ice sheet 
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FIGURE 19.11 Analysis of trapped 


at the Vostok station in Antarctica reveals 
that over the past 160,000 years, CO3 
levels (upper curve) correlate well with air 
temperature changes (bottom curve). 
Temperatures are derived from the 
analysis of oxygen isotopes. Note that CO, 
levels were about 30 percentlowerand —_ 
Antarctic temperatures about 10°C (18°F) 
lower during the colder glacial periods. 
[From J. M. Barnola et al., “Vostok ice cure 
provides 160,000-year record of 
atmospheric CO,” Nature (1 Oct., 1987) 
329: 410. Reprinted with permission.] 
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The largest volcanic eruption of this century, in 
terms of its sulfur-rich veil, was that of El Chichón in 
Mexico during April, 1982. The rising cloud from the 
volcano entered the stratosphere and spread west- 
ward. By the end of the month, it had circled the globe. 
For major eruptions such as this one, mathematical 
models predict that average hemispheric tempera- 
tures can drop by about 0.2°C to 0.5°C for from one to 
three years. The exact amount of cooling due to El Chi- 
chon is difficult to determine, however, because aver- 
age hemispheric temperatures vary slightly from year 


to year and because one of the largest El Niño events of 


this century occurred almost at the same time* (see 


*The actual El Chichón eruption preceded the El Niño event, caus- 
ing some scientists to speculate that the eruption determined the 
large upon trade of the event. a 
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Chapter 12). Whether the unusual position of the jet 


stream (which pushed record cold air across the 
United States and unseasonably warm air over west- 
ern Europe during December, 1983) was due to the 
cooling brought on by El Chichón is uncertain. 

An infamous cold spell often linked to volcanic 
activity occurred during the year 1816, “the year with- 
outa summer” mentioned earlier. Apparently, a rather 
stable longwave pattern in the atmosphere produced | 


- unseasonably cold summer weather over eastern 


North America and western Europe. The cold weather 
followed the massive eruption in 1815 of Mount Tam- 
bora in Indonesia. In addition to this, major volcanic 
eruptions occurred in the four years preceding Tam- 
bora. If, indeed, the cold weather pattern was brought 
on by volcanic eruptions, it was probably an accumu- 
lation of several volcanoes loading the stratosphere 


with particles—particles that probably remained 
there for several years. 

In an attempt to correlate sulfur-rich volcanic erup- 
tions with long-term trends in global climate, scien- 
tists are measuring the acidity of annual ice layers in 
Greenland and Antarctica. Generally, the greater the 
concentration of sulfuric acid particles in the atmo- 
sphere, the greater the acidity of the ice layer. Rela- 
tively acidic ice has been uncovered from about A.D. 
1350 to about 1700, a time that corresponds to the Lit- 
tle Ice Age. Such findings suggest that sulfur-rich vol- 
canic eruptions may have played an important role in 
triggering this comparatively cool period and, 
perhaps, other cool periods during the geologic past. 

If the Northern Hemisphere were to cool by several 
degrees Celsius, what immediate effect might this 
have on weather and climate patterns? Some numeri- 
cal climate models predict that a cooler Northern 
Hemisphere would cause a greater contrast in temper- 
ature between high and low latitudes that, in turn, 
would cause the jet stream to move farther south than 
normal, especially in summer. In order to transfer heat 
from low to high latitudes, the upper-level flow and 
the jet stream would circle the world in broad loops 
that meander. Well-defined troughs and ridges would 
form in the flow and remain implanted over a given 


area for weeks at a time. Vigorous storms would de- 


velop in regions near an upper-level trough, while 
warm and comparatively dry conditions would pre- 
vail in areas influenced by a ridge. The total weather 
pattern would be one of extreme variability, with 
droughts and floods occurring at the same time in dif- 
ferent parts of the world. 3 

Alpine glaciers would slowly advance down river 
valleys and, in response to this, the sea level might 
begin to lower. And for crops grown in middle and 
high latitudes, there would be a greater likelihood of a 
late spring or early fall freeze. 


CLIMATE CHANGE AND VARIATIONS IN SOLAR OUTPUT | 
In the past, it was thought that solar energy does not 
vary by more than a fraction of a percent over many 
years. However, recent measurements made by so- 
phisticated radiometers aboard satellites suggest that 
the sun’s energy output may vary considerably more 
than was thought—by as much as 0.2 percent over sev- 
eral weeks. Moreover, the sun’s total output decreased 
by about 0.1 percent from 1981 to 1986, after which it 
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began to increase. This variation in solar output ap- 
pears to be linked to sunspot activity. (See Fig. 19.13.) 
Sunspots are huge magnetic storms that show up as 
cooler (darker) regions on the sun’s surface. They 
occur in cycles, with the number and size reaching a 
maximum approximately every 11 years. The de- 
crease in solar energy observed in 1986 corresponded 
to a period of minimum sunspots. Evidently, the great- 
er number of bright areas (faculae) around the 
sunspots radiate more energy, which offsets the effect 


of the dark spots. 


FIGURE 19.12 Large volcanic eruptions rich in sulfur may have an 
effect on climate. As sulfur gases in the stratosphere transform into tiny 
bright sulfuric acid particles, they prevent a portion of the sun’s energy 
from reaching the surface. 
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- FIGURE 19.13 Changes in solar energy 
output (upper curve) as measured by the 
Earth Radiation Budget Satellite. Bottom 
curve represents the yearly average. ; 
number of sunspots. [From V. Raman-. 
athan, B. R. Barstrom, and E. F. Harrison, 
“Climate and the Earth’s Radiation 
Budget,” Physics Today, (May, 1989), Fig. 
5, p. 27. Reprinted with permission.] 
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It appears that the 11-year sunspot cycle has not al- 
ways prevailed. Apparently, between 1645 and 1715, 
during the period known as the Maunder minimum,* 

- there were few, if any, sunspots. It is interesting to 
note that the minimum occurred during the coldest 
- stage of the Little Ice Age—a time when global mean 
temperature decreased by about 0.5°C over the long- 
term average. Some scientists suggest that a reduction 
in solar brightness was, in part, responsible for this 
cold spell. Numerical climate models predict that a 
change in solar output of only 0.5 percent per century 
could alter the earth’s climate. And, according to one 
model, a decrease in solar energy of 1 percent per cen- 
tury would lower the earth's average temperature by 
dG Ge l 
In an attempt to better understand the sun’s be- 
havior, solar researchers are examining stars that are 
similar in age and mass to our sun. Recent observa- 
tions suggest that, in some of these stars, energy output 
may vary by as much as 0.4 percent, leading some sci- 
entists to speculate that changes in the sun's bright- 
ness might account for part of the global warming dur- 
ing the last century. 


*This period is named after E. W. Maunder, the British solar as- 
tronomer who first discovered the low sunspot period sometime in 
the late 1880s. ' ; 
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The sun's magnetic field varies with sunspot activ- 


| ity and actually reverses every 11 years. Because it 


takes 22 years to return to its original state, the sun's 
magnetic cycle is 22 years, rather than 11. Some re- 
searchers point to the fact that periodic 20-year 


_ droughts on the Great Plains of the United States seem 


to correlate with this 22-year solar cycle. More re- 
cently, scientists have found a relationship between 
the 11-year sunspot cycle and weather patterns across 
the Northern Hemisphere. It appears that winter 
warmings might be related to variations in sunspots 
and to a pattern of reversing stratospheric winds over 
the tropics, known as the quasi-biennial oscillation 
(because it takes about 2 years for the winds to com- 


plete the cycle). How such a small change in solar out- 


put could bring about such a large variation in weather 
remains a tantalizing mystery. 

To sum up, fluctuations in solar output may account 
for climatic changes over time scales of decades and 
centuries. To date, many theories have been proposed 
linking solar variations to climate change, but none 
have been proven. However, instruments aboard satel- 
lites and solar telescopes on the earth are monitoring 
the sun to observe how its energy output may vary. Be- 
cause many years of data are needed, it may be some 
time before we fully comprehend the relationship be- 
tween solar activity and climate change on earth. 
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In previous sections, we saw how increasing levels 
of CO, may have contributed to changes in global cli- 
mate spanning thousands and even millions of years. 
Today, we may be undertaking a global scientific ex- 
periment by injecting vast quantities of CO, into our 
atmosphere without really knowing the long-term 
consequences. The next section describes how CO, 
and other trace gases may be enhancing the earth’s 
greenhouse effect, producing global warming. 


= CARBON DIOXIDE, THE GREENHOUSE EFFECT, 
AND RECENT GLOBAL WARMING 


We know from Chapter 3 that CO, is a greenhouse gas 
that strongly absorbs infrared radiation and plays a 
major role in warming the lower atmosphere. We also 
know that CO, has been increasing steadily in the at- 
mosphere, primarily due to the burning of fossil fuels. 
(See Fig. 2.1, p. 22.) However, deforestation may also 
be adding to this increase as tropical rain forests are re- 


moved and replaced with less efficient plants. In 1990, ' 


the annual average of CO, was about 350 parts per mil- 
lion, and present estimates are that this value may 
double sometime in the next century. 


FIGURE 19.14 Thesun’s energy output 
(brightness) changes slightly over a period 
of years. Such changes may cause 
variations in the earth's climate system. 


Most numerical model experiments (mathematical 
models that simulate climate) predict that a doubling 
of CO, will result in a global warming of surface airbe- 
tween about 2°C and 5°C (between 3°F and 9°F). There 
are, however, uncertainties in the models. For exam- 
ple, if deforestation is mainly responsible for the ris- 
ing levels of CO, (rather than the burning of fossil 


_ fuels), the increase in CO, will occur much more 


slowly than predicted, and global warming will not be 
as great. In addition, researchers need a better under- 
standing of the process by which CO, is removed from 
the atmosphere, as landmasses appear to have a far 
greater impact on CO, removal than was once thought. 

To complicate the picture, trace gases. such as 
methane (CH,), nitrous oxide (N¿0), and chlorofluoro- 
carbons (CFGs), all of which readily absorb infrared 
radiation, have been increasing in concentration over 
the past century.* Collectively, these gases are about 
equal to CO, in their ability to enhance the atmo- 
spheric greenhouse effect. Moreover, the models pre- 
dict that rising ocean temperatures will cause an in- 
crease in evaporation rates and, hence, an increase in 
atmospheric water vapor, which is the most potent 


*Refer back to Chapter 2 and to Table 2.1, p. 21, for additional in- 
formation on the concentration of these gases. 
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greenhouse gas. The added water vapor produces a 
positive feedback by accelerating the temperature rise. 
(Recent satellite measurements have confirmed this 
positive feedback.) Without this feedback, most mod- 
els predict that doubling the current values of CO, will 
produce a warming of only about 1°C or 2°C. 


OCEANS, CLOUDS, AND GLOBAL WARMING The oceans 
play a major role in the climate system, yet the exact 
effect they will have on rising levels of CO, and global 
warming is uncertain. The oceans are huge store- 
houses for CO,. Microscopic plants (phytoplankton) 
extract CO, from the atmosphere during photosyn- 
thesis and store some of it below the ocean surface 


when they die. Would a warmer earth trigger a larger ` 


blooming of these tiny plants, in effect reducing CO, 
in the atmosphere? Or, would a gradual rise in ocean 
temperature increase the amount of CO, in the air due 
to the fact that warmer oceans can’t hold as much CO, 
as colder ones?* Furthermore, the oceans have a large 


. capacity for storing heat energy. Thus, as they slowly 
warm, they should retard the rate at which the atmo- . 


sphere warms. Overall, the response of ocean temper- 
atures, ocean circulations, and sea ice to global warm- 


- ing will probably determine the global pattern and 


speed of climate change. 

If the atmosphere's water vapor content increases as 
ocean temperatures rise, so might global cloudiness. 
How, then, would clouds—which come in a variety of 
shapes and sizes and form at different altitudes—af- 
fect the climate system? Clouds reflect incoming sun- 
light back to space, a process that tends to cool the cli- 


mate, but they also absorb infrared radiation from the 


earth, which tends to warm it. Just how the climate 
will respond to changes in cloudiness will probably 
depend on the type of clouds thatform and their phys- 


ical properties, such as liquid water (or ice) content - 


and droplet size distribution. For example, high, thin 
cirriform clouds (composed mostly of ice) tend to pro- 
mote a net warming effect: They allow.a good deal of 
sunlight to pass through (which warms the earth's sur- 
face), yet because they are cold, they warm the atmo- 
sphere by absorbing more infrared radiation from the 
earth. than they emit. Low stratified clouds, on the 
other hand, tend to promote a net cooling effect. Com- 
posed mostly of water droplets, they reflect much of 


*This fact has caused a few scientists to suggest that the rise in CO, 
levels over the last century is the result of a warmer ocean, rather 
than the burning of more fossil fuels. i 


the sun’s incoming energy, and, because theif tops are 
relatively warm, they radiate away much.of the in- 
frared energy they receive from the earth. Satellite 
data from the Earth Radiation Budget Experiment 
confirm that, overall, clouds have a net cooling effect 
on our planet, which means that, without clouds, our 


‘atmosphere would be warmer. So, if global tempera- 


tures rise, an increase in cloudiness at all levels might 
offset some of the warming by providing a negative 
feedback on the climate system. 

Some scientists even speculate that an increase in 
towering cumuliform clouds, brought on by enhanced 
convection, will promote a negative feedback on 
global warming. They contend that as cumulus clouds 
develop, much of their water vapor will condense and 
fall to the surface as rain, leaving the upper part of the 
clouds relatively dry. Additionally, sinking air filling 
the space around the clouds produces warmer and 
dryer air aloft. Less water vapor, they feel, will di- 
minish the effect of greenhouse warming. | 

To-illustrate the effect that cloud properties might 
have on climate models, researchers at the British 
Meteorological Office altered the representation of 
clouds in their model. Initially, the model projected a 
global temperature rise of about 5°C, accompanying a 
doubling of atmospheric CO,. However, when water 
clouds replaced ice clouds in the simulation, the pro- 
jected temperature rise was less than 2°C. It is no won- 
der, then, that a study conducted in 1989 with 14 cli- 
mate models showed good agreement on how the 
global climate would respond if current values of CO, 
were doubled under clear skies. But when clouds were 
incorporated into the models, the models did not 
agree, and, in fact, varied greatly over a wide range. 


POSSIBLE CONSEQUENCES OF GLOBAL WARMING Some 
climatic models predict that, if average global temper- 
atures increase by about 3°C or 4°C, the jet stream will 
weaken and global winds will shift from their “nor- 
mal” position. The added surface warmth will en- 
hance evaporation, which will lead to a greater world- 
wide average precipitation. However, the shifting 
upper-level winds might reduce precipitation over 
certain areas, especially middle latitude interior con- 
tinental regions. This, in turn, would put added stress 
on important agricultural areas (especially those in 


' the western United States) that depend greatly on irri- 


gation water from streams and reservoirs. Moreover, if 
the reduction in rainfall occurs in summer (as some 
models propose), agricultural productivity might be 


CARBON DIOXIDE, THE GREENHOUSE EFFECT, AND RECENT GLOBAL WARMING | 515 


severely impaired over the Central Plains of North 


America and elsewhere. 


Other consequences of global warming might be a 
rise in the sea level of about one-half meter or so, as al- 
pine glaciers begin to recede, polar ice melts, and the 
oceans expand as they slowly warm. Rising ocean 
levels might have a damaging influence on coastal 
marine life. In addition, coastal groundwater supplies 
might become contaminated with salt water. 

In polar regions, where the warming should be sev- 
eral times greater than in middle and low latitudes, 
scientists initially turned their attention to ice sheets 
(especially the west Antarctic ice sheet), to see if 
shrinkage of the ice might signal a global warming 
trend due to increasing CO, levels. But in polar re- 
gions, as elsewhere around the globe, rising tempera- 
tures produce complex interactions among tempera- 
ture, precipitation, and wind patterns. Consequently, 
it is now believed that as temperatures rise in south 
polar regions, more snow will fall in the warmer (but 
still cold) air, causing snow and ice to build up over 
the continent of Antarctica. 


A few scientists even suggest that increased levels of 


CO, in the atmosphere will have some positive conse- 
quences. The higher level of CO, will act as a “fer- 
tilizer” for some plants, accelerating their growth. In- 
creased plant growth consumes more CO,, which 
might retard the increasing rate of CO, in the environ- 


ment. Other scientists feel that the increased plant- 


growth might force some insects to eat more, resulting 
in a net loss of vegetation. There is concern also that a 
major increase in CO, might upset the balance of na- 
ture, with some plant species becoming so dominant 
that others are eliminated. In cold climates where 
crops are now grown only marginally, the warming ef- 
fect may actually increase crop yield. - 
Forests might also feel the effect of a warmer planet. 
Trees that grow in a climate zone defined mainly by 
temperature may become especially hard hit as rising 
temperatures place them in an inhospitable environ- 
ment. In addition, they may become, in their weak- 
ened state, more susceptible to insects and disease. 


The effect that increasing levels of CO, might have . 


on the upper atmosphere is not totally clear. However, 
climate models suggest that while the lower atmo- 
sphere (troposphere) steadily warms, the upper atmo- 
sphere (stratosphere, mesosphere, and thermosphere) 
will cool. The cooling is brought on by the additional 
molecules of CO, (and other trace gases) emitting more 
infrared radiation to space than they receive in turn. 


FIGURE 19.15 Oceans and clouds play an important part in the 
earth's climate system. How they will respond to increasing global 
temperatures is not clear. Oceans may well add water vapor to the . 
atmosphere, which might promote warming, by enhancing the 
greenhouse effect. Clouds, especially low ones, might provide a 
negative feedback on global warming, as clouds overall have a net 
costa effect on climate. 


Recent one indicate that a cooler stratosphere 
would retard the rate of ozone destruction. (See Chap- 
ter 2 for more information on stratospheric ozone.) 


IS THE WARMING REAL? Earlier we learned that, since 
the beginning of this century, the earth's surface ap- 
pears to have warmed by about 0.5°C. (See Fig. 19.7.) 
There are, however, uncertainties in the temperature 
record. For example, during this time, recording sta- 
tions have moved, techniques for measuring tempera- 
ture have varied, and overall there is a sparcity of 
marine observing stations. Moreover, there is a ten- 
dency for urbanization (especially in developed na- 
tions) to artificially raise average temperatures as 
cities grow in size—the urban heat island effect. When 
urban warming is taken into account and improved 
sea surface temperatures are incorporated into the 
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The Sahel is in North Africa, loco 
between about 14° and 18°N latitude. 


(See Fig. 2.) Bounded on the north by the | 


. dry Sahara and on the south by the 
grasslands of the Sudan, the Sahel is a 
semi-arid region of variable rainfall. — 
Precipitation totals may exceed 50 cm (20 
in.) in the southern portion while in the 
north, rainfall is scanty. Yearly rainfall _ 
amounts are also variable as a year with 
adequate rainira can be followed by a dry 

“one. 

During the Winter, the Sahel is dry but, 
as summer approaches, the intertropical 
convergence zone (ITCZ) with its rain 
usually moves into the region. The 
inhabitants of the Sahel are mostly 

nomadic people who migrate to find 

- grazing land for their cattle and goats. In 
the early and middle 1960s, adequate 
rainfall led to improved pasture lands; - 

`- herds grew larger and so did the 
population. However, in 1968, the annual 
rains did not reach as far north as usual, 
marking the beginning of a series of dry 

+ years and a severe drought. 

Rain fell in 1969, but the totals were far 


below those of the favorable years in the . 
mid-1960s. The decrease in rainfall along - 


- with overgrazing turned thousands of 
- square kilometers of pasture into barren’ 
wasteland. By 1973, when the severe 


` drought reached its climax, rainfall totals * 


were 50 percent of the long-term. 
average, and perhaps 50 percent of the 
cattle and goats had died. The Sahara 
Desert had migrated southward into the 


-northem fringes of the region, and a great . 


famine had taken the lives of more than 
-100,000 people. Many more of the 
2 million or so inhabitants would have 
- perished had it not been for massive 
outside aid. 
The rains retuned in 1974 and 1975, 
- but were still 15 to 20 percent below . 
normal. Drought, or at least relatively dry 
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FIGURE2 Thesemi-arid Sahel of North Africa is bounded by the Sahara Desert to the north 


and grasslands to the south. 


conditions, prevailed in the Sahel from 
1976 into the 1980s, with rainfall totals in 
1976 and 1977 being comparable to 
those of 1972 and 1973. Although 1983 
and 1984 were dry, more favorable rains 
returned to the region in the middle and 
late 1980s. 

Studies suggest that the wetter years of 
the 1950s and 1960s appearto be dueto 
the northward displacement of the ITCZ. 


- The drought, however, appears to be 


more related to the intensity of rain that . 
falls during the so-called rainy season. 
Some scientists feel that the lack of 
intense rain is due to a biogeophysical 
feedback mechanism wherein less rainfall 
and reduced vegetation cover modify the 
surface and promote a positive feedback 
relationship: Surface changes act to 


reduce convective activity, which in tum 


promotes or reinforces the dry conditions. 
As an example, when the vegetation is 
removed from the surface (perhaps 
through overgrazing or excessive 


_ Cultivation), the surface albedo increases 


and the surface temperature drops. Also, 


-the removal of vegetation reduces the soil 


moisture and the supply of latent heat to 
the atmosphere. 

Is this a long-term fluctuation in climate, 
or do the abundant rains of the 1980s ' 
suggest that the more favorable climate of 
the early and middle 1960s has retumed? 
Will the Sahara continue to migrate 
southward? And if global temperatures 
rise into the next century, how will l 
precipitation patterns change? At 
present, we have no answers. 


data, it appears that global temperatures over the last 
100 years may have risen between 0.3°C and 0.5°C. 

Is the warming trend due to increasing levels of CO, 
and other trace gases? A few scientists contend that it 
is. Most believe that it is too early to tell. Some point 
to the fact that many mathematical climate models 
predict that, due to increasing levels of greenhouse 
gases, average global temperatures should have risen 
by at least 1°C, instead of less than 1°C, as observed. 
Others feel that the warming is statistical in nature and 
falls within the earth’s natural variability of climate 
change. 

In an attempt to find a signal that suggests that 
greenhouse gases may have already altered earth's cli- 
mate, researchers examined rainfall and temperature 
data within the contiguous United States over a period 
dating back to 1895. But they could find no overall 
trend in either rainfall or temperature. Another study 
examined satellite measurements to see if the lower at- 
mosphere warmed between 1979 and 1988, only afew 
years in the long-term record. But the satellite data 
could detect no significant rise in global temperatures 
during this short period. | 

A few scientists even contend that the problem of 
global w: warming is overstated. They believe that there 
are too many uncertainties in the climate models to 
adequately represent the highly complex atmosphere, 
especially with respect to clouds and oceans. Some 
feel that several warm years during the 1980s (espe- 
cially 1983 and 1987) were the result of El Niño/South- 
ern Oscillation events (Chapter 12), rather than in- 
creasing levels of greenhouse gases. 

With levels of CO, increasing by about 25 percent 
over the past 100 years, why has the observed increase 
in global temperature been so small? Some researchers 
feel that the large heat capacity of the ocean is delaying 
the warming of the atmosphere. Others suggest that 
the cooling witnessed for about 30 years (beginning in 
the 1940s) may have been due to industrial emissions 
of sulfur dioxide that increased the reflectivity of 
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clouds and haze. Also, other factors—such as volcanic 
eruptions that inject large quantities of dust into the 
stratosphere and changes in the radiation output ofthe 
sun—may be countering the warming. 

Indeed, because the interactions between the earth 
and its atmosphere are so complex, no one can un- 
equivocally demonstrate that the recent warming 
trend has been due primarily to increasing concentra- 
tions of greenhouse gases. Nevertheless, many scien- 
tists feel that future research will probably reveal that 
these gases are mainly responsible for the warming. 


IN PERSPECTIVE As the battle rages among scientists 
over greenhouse warming, modification of the earth’s 
surface, taking place right now, could potentially in- 
fluence the immediate climate of certain regions. For 
example, studies show that about half the rainfall in 
the Amazon River Basin is returned to the atmosphere 
through evaporation and through transpiration from 
the leaves of trees. Consequently, clearing large areas 
of tropical rain forests in South America to create open 
areas for farms and cattle ranges will most likely cause 
a decrease in evaporative cooling. This, in turn, could 
lead to a warming in that area of at least several de- 
grees Celsius. In turn, the reflectivity of the deforested 
area will change. Similar changes in albedo result 
from the overgrazing and excessive cultivation of 
grasslands in semi-arid regions, causing an increase 
in desert conditions (a process known as arg 
cation). | 
Currently, billions of acres of the world’s range Pad 
cropland are affected by desertification. Annually, 
millions of acres are-reduced to a state of near or com- 
plete uselessness. The main cause is overgrazing, al- 
though overcultivation, poor irrigation practices, and 
deforestation also play a role. The effect this will have 
on climate, as surface albedos increase and more dust 
is swept into the air, is uncertain. (For a look at how a 
modified surface influences the inhabitants of aregion 
in Africa, read the Focus section on p. 516.) 


In this chapter, we considered some of the many ways 
climate can be modified and changed. First, we inves- 
tigated climate modification ona relatively small scale 
as we examined the urban environment and saw that 
cities tend to be warmer and more polluted than rural 
areas. We also saw that industrial areas can modify 


weather and climate downwind of them. Oxides of 
sulfur and nitrogen may be swept into the air, where 
they may transform into acids that fall to the surface as 
acid precipitation. Acid deposition shows no national 
boundaries, as the pollution of one country becomes 
the acid rain of another. 
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Next, we investigated the changing climate on a 
global scale and found that the earth's climate has 


Changed considerably during the geologic past. Some 


of the evidence for a changing climate comes from tree 
rings (dendrochronology), chemical analysis of OXy- 
gen isotopes in ice cores and fossil shells, and geologic 
evidence left behind by advancing and retreating gla- 
ciers. The evidence from these suggest that, through- 
out much of the geologic past, the earth was much 
warmer than it is today. There were cooler periods, 
however, during which glaciers advanced over large 
sections of North America and Europe. 

. We examined some of the possible causes of climate 
change, noting that the problem is extremely complex, 
as a change in one variable in the climate system al- 
most immediately changes other variables. One theory 
suggests that the shifting of the continents, along with 


„ volcanic activity and mountain building, may account 
for variations in climate that take place over millions , 


of years. 


- The Milankovitch theory proposes that alternating | 
- glacial and interglacial episodes during the past 2 mil- 
lion years are the result of small variations in the tilt of 


the earth’s axis and in the geometry of the earth’s orbit 
around the sun. Another theory suggests that certain 
cooler periods in the geologic past may have been 
caused by volcanic eruptions rich in sulfur. Still 
another theory postulates that climatic variations on 
earth might be due to variations in the sun’s energy 
output. | ] 


We examined how sophisticated climate models 
project that the earth’s surface will warm by at least 
several degrees Celsius over the next century as in- 
creasing levels of CO, and other trace gases enhance 
the atmospheric greenhouse effect. We learned that 
some scientists are skeptical as to whether these pre- 
dictions are accurate, based on the fact that we pres- 
ently have a limited understanding of how clouds and 
oceans will respond to a warmer earth. 

Even today, modification of the earth's surface may 
be altering the climate, as overgrazing and deforesta- 
tion are changing the earth's surface albedo and, in 
certain regions, rendering the land useless. 

Finally, we learned that recent studies indicate that 
the world is inaslight warming trend. Will the climate 
slowly continue to warm, or will it warm at an acceler- 
ated rate due to increasing concentrations of green- 
house gases? Are we in a natural cycle where the tem- 
perature will soon level off, then slowly drop? In cen- 
turies to come, will the Northern Hemisphere enter a 
cooler period as predicted by the Milankovitch cy- 
cles? Certainly, climate has changed in the past, but 
how much and how quickly will it change in the fu- 
ture? Unfortunately, at present, we have no answers to 
these important questions. However, as we learn more 
about our complicated and imperfectly understood at- 
mosphere, we will gain better insight into what the fu- 
ture may have in store for the climate of our globe. 


E KEY TERMS 


The following terms are listed in the order they appear 
in the text. Define each. Doing so will aid you in re- 
viewing the material covered in this chapter. 


urban heat island dendrochronology 

country breeze Ice Age 
‘mixing depth _ Climatic optimum 

atmospheric stagnation Little Ice Age 


nuclear winter 
acid rain 


acid deposition theory of plate tectonics 


positive feedback mechanism 
negative feedback mechanism 


Milankovitch theory 

eccentricity (of earth’s orbit) 

precession (of earth’s axis of rotation) 
obliquity (of earth’s axis) 

Maunder minimum 

desertification- 


E QUESTIONS FOR REVIEW 


1. 


16. 
17. 


18. 


19. 


20. 


Describe how the climate of a large city usually 
compares with the climate of surrounding rural 
areas. 


. Whatare the main causes of the urban heat island? 
. What causes the “country breeze”? Why is it usu- 


ally better developed at night than during the day? 
Would it be best developed in summer or in 
winter? Explain. 


. Describe how the mixing layer over a city usually 


changes during the course of a 24-hour day. As it 
changes, how does it affect the concentration of 


` pollution near the surface? 
. Explain why most severe air pollution episodes 


are usually associated with high-pressure areas. 


. What factors are believed responsible for the in- 


crease in precipitation in and downwind of cities? 


. Why is acid deposition considered a serious prob- 


lem in many regions of the world? How does pre- 
cipitation become acidic? 


. Describe some of the methods scientists use to de-: 


termine past climatic conditions. 


. How does the overall climate of the world today 
compare with the so-called koani climate 


throughout earth’s history? 


. Explain how the changing climate luce the 


formation of the Bering land bridge. 


. Is arunaway greenhouse effect a positive or nega- 


tive feedback mechanism? Explain. 


. What are some of the uncertainties in the tempera- 


ture record during the past 100 years? 


. When did the Little Ice Age occur? l 
. How does the theory of plate tectonics explain cli- 


mate change over periods of millions of years? 


. Describe the Milankovitch“ theory of climatic 


change by explaining how each of the three cycles 
alters the amount of solar energy reaching the 
earth. 

Would volcanic eruptions rich in sulfur produce 
higher or lower temperatures at the earth’s sur- 
face? Explain. 

Explain how variations in the sun’s energy output 
might influence global climate. 

How do clouds apparently influence oe climate 
system? 

List the negative (and the potential positive) as- 
pects that increasing levels of CO, might have on 
the atmosphere and its inhabitants. 

Even though CO, concentrations have risen dra- 
matically over the past 100 years, how do scien- 


21. 


22. 
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tists explain the fact that global temperatures have 

risen only slightly? 

List as many ways as you can how changes within 

the earth’s atmosphere could alter global climate. 

Describe the biogeophysical feedback mechanism 
- that may be responsible for the lack of intense rain 

in the African Sahel. 


QUESTIONS FOR THOUGHT 


. What surface and upper-air conditions lead to at- 


mospheric stagnation? 


. About 18,000 years ago, when glaciation was at a 


maximum, was global precipitation greater or less 
than at present? Explain your reasoning. 


. Explain why periods of glacial advance in the 


higher latitudes tend to occur with warmer winters 
and cooler summers. 


. Explain how an increase in the concentration of at- 


mospheric particles could either raise or lower 
global temperatures. 


. Are ice ages in the Northern Hemisphere more 


likely when: 

(a) the tilt of the earth is at a maximum or a min- 
imum? 

(b) the sun is closest to the earth during summer in 
‘the Northern Hemisphere, or during winter? 

Explain your reasoning for both (a) and (b). 

Explain how an increase in global cloudiness might 

either enhance or retard global warming. 


PROBLEMS AND EXERCISES 


. If the annual precipitation near Hudson Bay 


(latitude 55°N) is 38 cm (15 in.) per year, calculate 
how long it would take snow falling on this region 
to reach a thickness of 3000 m (about 10,000 ft). 
(Assume that all the precipitation falls as snow, that 
there is no melting during the summer, and that the 
annual precipitation remains constant. To account 


` for compaction of the snow, use a water equivalent 


of 5 to 1.) 


. Develop a feedback system where increasing levels 


of CO, will initially lead to higher global tempera- 
tures. Devise a feedback so that temperatures will 
level off, then slowly begin to drop. Within your 
system, use both positive and negative feedback 
mechanisms. Devise your system so that it will al- 
ternate in a cycle from global warming to global 
cooling. 
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UNITS, CONVERSIONS, 


ABBREVIATIONS, 
AND EQUATIONS 
i LENGTH w VOLUME 
1 kilometer (km) = 1000 meters (m) 1 cubic centimeter (cm?) = 0.06 in. 
= 3281 feet (ft) 1 cubic inch (in.?) = 16.39cm* 
= 0.62 mile (mi) 1 liter (1) = 1000 cm? l 
1 mile (mi) = 5280 feet (ft) = 0.264 gallon (gal) U.S. 
= 1609 meters (m) 
= 1.61 kilometers (km) 
: Were : m SPEED 
1 centimeter (cm) = 0.39 inch (in.) 
E ea D Cen} 1 knot = 1nautical mi/hr 
= 1.15 statute mi/hr 
1 inch (in.) = 2.54cm = 0.51 m/sec 
= 0.08 ft = 1.85 km/hr 
1 meter (m) = 100cm 1 mile per hour (mi/hr) = 0.87 knot 
= 3.28 ft = 0.45 m/sec . 
= 39.37in. = 1.61 km/hr 
1 micrometer (pm) = 0.0001 cm 1 kilometer per hour (km/hr) = 0.54knot 
| = 0.000001 m = 0.62 mi/hr 
1 degree latitude = 111km = 0.28 m/sec 
= 60 nautical mi 1 meter per second (m/sec) = 1.94 knots 
= 69statute mi - = 2.24 mi/hr 
= 3.60km/hr 
m@ AREA 


1 square centimeter (cm?) 
1 square inch (in.?) 

1 square meter (m°?) 

1 square foot (ft?) 


0.15 in.? 


10.76 ft? 
0.09 m? 


Il 


6.45 cm? 


m FORCE 


1 dyne = 


1 gram per centimeter per second 


per second 
= 2.2481 x 10° pound (Ib) 


1 newton (N) = 


1 kilogram per meter per second 


per second 
= 10° dynes 
= 0.2248 lb 
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MASS 


1 gram (g) 


1 kilogram (kg) 


m ENERGY 


1erg 


1joule (J) 


1 calorie (cal) : 


PRESSURE 


1 millibar (mb) 


1000 dynes/cm? 
0.75 millimeter of mercury 
(mm Hg) 


0.035 ounce 
0.002 lb 
1000g 

2.2 lb 


1 dyne per cm 
2.388 X10" cal 
1 newton meter 
0.239 cal 

10’ erg 

4.186] 

4.186 X 10’ erg 


= 0.02953 inch of mercury (in. Hg) 
= 0.01450 pound per squareinch 


(Ib/in.?) 
= 100 pascals (Pa) 


1 standard atmosphere 


1 inch of mercury 
1 millimeter of mercury 
1 pascal 


= 1013.25 mb 
= 760 mm Hg 
= 29.92 in. Hg 
=°14.7 1b/in.? 


= 33.865 mb 
= 1.3332 mb 


= 0.01mb 
= 1N/m? 


m POWER 
1 watt (W) 


1 cal/min 
1 horse power (hp) 


m TEMPERATURE °C = 5/9 (°F —32) 


= 1J/sec 


14.3353 cal/min 
0.06973 W 
746W 


To convert degrees Fahrenheit (°F) to degrees Celsius 
(°C): Subtract 32 degrees from °F, then divide by 1.8 


To convert degrees Celsius (°C) to degrees Fahrenheit | 
(°F): Multiply °C by 1.8, then add 32 degrees 


To convert degrees Celsius (°C) to Kelvins (K): Add 
273 to Celsius temperature, as 


K=°C + 273. 


m POWERS OF TEN 


Prefix 

nano one-billionth 
micro one-millionth 
milli one-thousandth © 
centi one-hundredth 
deci one-tenth 

hecto one hundred 
kilo’ onethousand 
mega onemillion 

giga one billion 


107? 
10- 
10°° 
107? 
10” 
10? 
10° 
10° 
10° 


0.000000001 
0.000001 
0.001 

0.01 

0.1 

100 

1000 
1,000,000 
1,000,000,000 
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TABLE A.1 W SI Units and Their Symbols 


QUANTITY NAME UNITS 


length meter 

mass kilogram 

time second 

temperature Kelvin 

density kilogram per 
cubic meter 

speed meter per 
second 


force : newton 
pressure pascal 
energy joule 
power i watt 


EQUATION 
gas law (equation = 287 J/kg - K(SI) or 


of state) 2.87 X 10° erg/g - K 
, pressure in N/m? (SI) 
density (kg/m?) 
= temperature (K) 
Stefan-Boltzmann law : 5.67 X 10"* W/m? - K* (SI) or 
5.67 X 10° erg/cm?- K*- sec 
= radiation emitted in W/m? 
(SI) 
Wien'slaw = 0.2897 pm K 
= wavelength (um) 


Solar constant 1376 W/m? (SI) 
Í 1.97 cal/cm?/min 


Geostrophic wind geostrophic wind (m/sec) 
equation Cais a LHe” 7.29 x 10”* radian*/sec 
latitude 
distance (meters) 
pressure difference 
(newton/m?) 


Coriolis parameter 


Hydrostatic equation = force of gravity (9.8 m/sec?) 
= change in height (meters) 


*2a radians equal 360°. 
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E SIMPLIFIED SURFACE-STATION MODEL 


Temperature (°F) 


Wind direction 
(from the NW) 
Wind speed 


(18-22 knots) - nee fs 
Total amount of clouds 


(overcast) 
Barometric pressure 
at sea level l 
(1013.8 mb) 
Pressure tendency 
during past 3 hours 
(rising) 

Amount of pressure 


change in past 3 hours 
(2.2 mb) 


pressure is higher or - 
lower than 3 hours ago 
Present weather 
(rain) - 

Dew point (°F) 


= UPPER-AIR MODEL (500 mb) 


—, Temperature (°C) 
i Height of pressure 
| [i surface in meters with 


-15 564  first3 digits given 
pe +04 (5640 meters) 
5 IS 12 hour height change 

in meters (04 equals 40 m) 

: Sign indicating whether 
height is rising or falling 
Dew point depréssion (difference 
between air temperature 
and dew point, °C) 
Wind speed (58-62 knots) 
Wind direction 
(from the southwest) 
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Sign indicating whether 


X % Heavy snow 


WEATHER SYMBOLS AND 
THE STATION MODEL 


m TOTAL SKY COVER 


No clouds 

Less than one-tenth or one-tenth 
Two tenths or three-tenths 
ME 

Five tenths 

Sictenths 


| 


‘Seven-tenths or eight-tenths 


Nine-tenths or overcast with 
openings 


Completely. overcast 


2@S$66e90800 


Sky obscured 


= COMMON WEATHER SYMBOLS 


e 

a Light rain YN Rain shower 
e + 

ee Moderate rain V Snow shower 


o 
e Heavy rain Showers of hail 


KX Light snow Drifting or blowing snow, 


A 
4 
* | 
Y X= Moderate snow Dust storm 


* 
Fog 


Xx 
99 Light drizzle OO Haze 
e 


AN Ice pellets (sleet) Í Smoke 


Freezing rain Thunderstorm 


(OW, Freezing drizzle § Hurricane 


= WIND ENTRIES 


Miles 
(Statute) 
Per Hour 


Kilometers 
Per Hour 


See eee 
Oe [ae 


ef [ore 


PPAT 


— 
=> 
q 
(53) 
ES 


ea ES SS 


a | e [ae [oe | 


APPENDIX B N- 
E PRESSURE TENDENCY 
Rising, then falling 
Rising, then steady; 
or rising, then rising 
more slowly C. -ofnéter 
now higher 

Rising steadily, or unsteadily than 3 
Falling or steady, then rising: hours ago 


or rising, then rising more 
quickly 
Steady, same as 3 hours ago 


Falling, then rising, same or 
lower than 3 hours ago 


Falling, then steady; or falling, 
then falling more slowly 


or falling, then falling more 
quickly 


=E FRONT SYMBOLS 


MAMADAS. Cold front (surface) 

i> My GMs Warm front (surface) 
MAMADAS —Occluded front (surface) 
E q Stationary front (surface) 
OAOA. Warm front (alott) 
BAAD Cold front (aloft) 


Squall line 


Barometer 
now lower 
Falling steadily, or unsteadily thanks 
Steady or rising, then falling; — hours ago. 
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CHANGING GMT 
TO LOCAL TIME 


The system of time used in meteorology is Greenwich 


Mean Time (GMT), which is also known as Zulu (Z) 


Time. This is the time measured on the prime merid- 
ian (0° longitude) in Greenwich, England. Because 
Eastern Standard Time (EST) in the United States is 5 
hours slower than GMT, to convert from GMT to EST 
simply requires subtracting 5 hours from GMT. Con- 


versely, to change EST to GMT entails adding 5 hours 
to EST. Table C.1 shows how to convert to GMT in 
various time zones of the United States. Since in 
meteorology the time is given on a 24-hour clock, 
Table C.1 shows the relationship between the familiar 
two 12-hour periods of A.M. and P.M. and the 24-hour 
system. ) 


TABLE C.1 MH Conversion of A.M. and P.M. Time System to 24-Hour System 


24-HRSYSTEM 


24-HRSYSTEM | 24-HR SYSTEM 24-HR SYSTEM 
TIME to TIME TIME 
AM. i P.M, 
12:00 (midnight) 12:00 (noon) 1200 
1:00 1:00 1300 
2:00 2:00 1400 
3:00 = 3:00 1500 
4:00 4:00 1600 
5:00 5:00 1700 
Pacific Mountain Central Eastern 
Standard Time Standard Time Standard Time Standard Time 
Zone Zone é Zone Zone 
(PST) (MST) (CST) (EST) 


O y 


i, = 
| 


q 
COS 
Ele 


pp 
O eae H 4 hr i Z 
A 1 ¡ES E Neo a Add 5 hours to EST 
Add 8Xours to PST Add 7 hours to MST Add6 hours to CST \ to ha 
to obtain GMT to obtain GMT to obtain GMT PR Sy 
x i i T See \y J 


Subtract 8 hours SiBlradt 7 hours 


_ Subtract 5 hours 
—Y from GMT to 


A i 
i we 
Subtract 6 hours---* 


from GMT to Ss ‘from GMT to -.—. E... from GMT to Y _ << obtain EST 
ES” PST | E obtain MST i obtain GST Í rA = 
o NN, I A 5 
& A 


I 
i 
i 
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APPENDIX J 


HUMIDITY AND 
DEW-POINT TABLES 


To obtain the dew point (or relative humidity), simply temperature of 10°C with a wet-bulb depression of 3°C 
read down the temperature column and then over to produces a dew-point temperature of 4°C. 
the wet-bulb depression. For example, in Table D.1, a 


TABLED.1 Mi Dew-Point Temperature (°C) 


WET-BULB DEPRESSION (DRY-BULB TEMPERATURE MINUS WET-BULB TEMPERATURE) (°C) 
05 10 15 20 25 30 35 40 45 50 7.5 10.0 12.5 15.0 17.5 20.0 


20 -25 -33 
-17.5 -21 -27 -38 
-15 -19 -23 -28 
-12.5 —15 -18 -22 -29 
-10 —12 -14 -18 -21 -27 -36 
-7.5 — —9 -11. -14 -17 -20 -26 -—34 
-5 -7 -8 -10 -13 -16 -19 -24 -31 
. -2.5 =4 -6 -7 =9 -11 -14 -17 -22 “84-41 
0 -1 -3 -4 -6 -8 -10 -12 -15 -19 -24 
Dg 25 1 0 —1 -3 -4 -6 -8 %10 4-13 -16 
w 5 4 3 2 o -1.-3 <4 -6 -8 -10 -48 
> 7.5 6 & | 4 ATA Ao a 6 —22 
Z 10 9 8 7 6 5 4 2 1 0 -2 -13 
wo 12.5 127 a1 10 9 8 ¿7 6 4 3 2 -7 -28 
fa 15 14 13 12. 12 UA 10 9 8 7 5 -2 -14 
Q 17.5 17 16. 5. 14 qa M2 12 11 10 8 2 -7'-35 
a eae 19 18. 28: 17 See aoe 7 14 614° 13 Y 6 -1 -15 
> 22.5 pa Bi 204 201918) 17 16 16 15 10 3 -6 -38 
O 25 24 #24 23 Ba “el. 21 .20, 19 185 18 a3 #7 0 -14 | 
Z 27.5 27 26 265 WO Za cs 23) 22 11201120, 16.) *11 ay 32 
30 29 29 -28 #2787 27 #26 25 25 24 .23 19 - 14 9 2 -11 
32.5 a0, 31 Ko, ML 29 28° 427 026 26" 22 1 *18 "8 7 -2 
35 34 3A 33537 Ese 3I 131 30 <29 28 25 21 16 11 4 


40 39 39 38 38 37 36 36 35 34 34 30 27 23 18 13 6 
42.5 42 41 41 40 40 39 38 38 37 36 33 30 26 22 17 «11 
45 44 44 43 43 42 42 41 40 40 39 36 33 29 25 21 15 
47.5 47 46 46 45 45 44 44 43 42 42 39 35 32 28 24 19 
50 49 49 48 48 47 47 46 45- 45 44 41 38 35 31 28 23 
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‘APPENDIX. 


INSTANT WEATHER 
FORECAST CHART 


This chart is a guide to forecasting the weather. It is applicable to most of the United States, especially the eastern 
two-thirds. It works best during the fall, winter, and spring, when the weather systems are most active. 


TABLEE.1 M Instant Weather Forecast Chart 


SEALEVEL PRESSURE SURFACE WIND 24-HR WEATHER FORECAST 
(mb) PRESSURE TENDENCY DIRECTION SKY CONDITION (See Weather Forecast Code) 
1023 or higher rising, steady, or falling any direction clear, high clouds, Cu 1, 18 (in winter, 14) 
(30.21 in.) 
mi 1022to1016 rising or steady SW, W,NW,N clear, high clouds or Cu 1,18 
(30.20 in. to 30.00 in.) 
falling SW,S,SE . Clear, high clouds Woh 1735 
Z SW, S, SE middle or low clouds 6,17 
ra E, NE middle or low clouds 6,14 
clear or high clouds 3,5,14 
iis. 1015 to 1009 rising- SW, W, NW, N clear 1,14 
(29.99 in. to 29.80in.) overcast 2,16 
‘ precipitation 11,2,16 
falling any direction clear 3,17 (dry climate 
' summer, 1,15) 
SW, S, SE high clouds 3,17,5 o 
SW,S, SE middle or low clouds 7 
E,NE middle or low clouds - -7,12,14 
SE, ENE overcast, precipitation 9 
S, SW overcast, precipitation 10,13 
1008 or below falling SW, W,NW,N clear 1612 
(29.79 in.) SW,W,NW,N overcast 2,12,16 
rising SW, W,NW,N overcast with precipitation 11,12,16 
NE overcast 4,12,13,14 
SNE overcast with precipitation 11,12,13,14 
SW, S, SE clear 3,6,8,12,15 
SW, S, SE overcast 7,8,12,13 
falling SW, S, SE overcast with precipitation 8,10,12,13,16 
N overcast 4,14 
E, NE overcast 7,12,14 
E, NE overcast with precipitation 8,9,12,13 


| —— "a y A A A IEA a ee eee 


WEATHER FORECAST CODE 

clear or scattered clouds 

= clearing 

= increasing clouds 

= continued overcast 

= precipitation possible within 24 hours 
= precipitation possible within 12 hours 


On Pwd 
l 


precipitation possible within 8 hours 13 = 
= possible period of heavy precipitation 14 = 
= precipitation continuing 15 = 
precipitation ending within 12 hours 16 = 
precipitation ending within 6 hours 17 = 
= windy 18 = 


= possible wind shift to W, NW, or N 
continued cool or cold 

continued mild or warm 

turning colder 

slowly rising temperatures 

little temperature change 
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90... 120 


120 90 


Longitude 


The numbers on the map show the location of the cities represented in Appendix F. 


| 


1 
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APPENDIX, 


CLIMATIC DATA FOR CITIES 
THROUGHOUT THE WORLD 
The top numbers for each city represent average tem- tion of each city is shown on the map on the opposite 
peratures in degrees Fahrenheit. The bottom numbers page. 


represent average precipitation in inches. The loca- 


NORTH AMERICA 


ALBUQUERQUE,NM ELEVATION 5311 Ft CLIMATE BSk LAT.35"N LONG. 106.5°W 


oh 


JAN, FEB. MAR. APRIL MAY JUNE JULY -AUG. SEPT. OCT. NOV. DEC. YEAR 
t(F) 35 40 46 56 65 75 78 76 70 58 44 37 57 
p{in.) 0.4 0.4 05° 0.5 0.8 0.6 152 1.3 0.9 0.8 0.4 0.5 8.1 
24 ANCHORAGE, AK ELEVATION 114 Ft CLIMATE Dfc LAT. 61°N LONG. 150°W 

` JAN. FEB. MAR. APRIL MAY | JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 

t (°F) 12 19 25 37 47. 56 58 56 48 36 22 14 36 
p (in.) 0.8 0.7 0.5 0.4 0.5 1.0 1.9 2.6 2.5 1.9 1.0 0.9 14.7 
3. 4 ATLANTA, GA ELEVATION 1010 Ft CLIMATE Cfa LAT. 33.5°N LONG. 84.5°W 

JAN, FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 45 46 51 60 69 77 79 78 73 62 51 45 61 
p (in.) 4.4 4.5 5.4 4.5 3.2 3.8 4.7 3.6 3.3 2.4 3.0 44 47.1. 
4, BARROW, AK ELEVATION 31 Ft CUMATE ET LAT. 71°N LONG. 157°W 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) -16 -18 -15 0 18 33 39 38 30 17 -1 -11 10 


pin) G62 Marmo MONE Woa OS" (G00 6.6) FA TOS 102) 0:2 A 


5. CALGARY, CANADA ELEVATION 3540Ft CLIMATE Dfb LAT. 51°N LONG. 114°W 
JAN, FEB. MAR. APRIL MAY JUNE JULY AUG. SERIA OCT. NOV. DEC. YEAR 
t (°F) 13 17 26 40 50 56 62 60 51 42 28 19 39 


pina WS OOO O ZA O S A 2S ROO 0.7 106, 7 


6. CHESTERFIELD, CANADA ELEVATION32Ft CUMATEET LAT.63.5°N LONG, 92°W 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t °F) -26 -26 -13 3 21 37 46 46 37 21 o mas Tip 


p(in.) 03 o4 Of OZ, 05 A atk? 1.5 12 08 06 109 
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7. CHICAGO, IL ELEVATION607Ft  CLIMATEDífa LAT.42N LONG. 88°W 
r JAN. FEB. MAR. APRIL MAY JUNE . JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 26 28 36 49 ` 60 70 76 74 66 55 40 f 29 51 
p (in.) 139 1.6 ah 3.0 3.7 4.1 3.4 3.2 27 2.8 2.2 1.9 33.2 
8. > E CHURCHILL, CANADA ELEVATION115Ft CLIMATEDfc  LAT.59N LONG. 94°W 
JAN. FEB. MAR. APRIL " MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t(°F) +19 Steg 0 14 30 43 54 52 43 22 6 =l 16 


p (in.) 0.5 0.6 0.9 0.9 0.9 1.9 2.2 237 2.3 1.4 1.0 0.7 16.0 


9. ; COPPERMINE, CANADA ELEVATION 30 Ft CLIMATE Dfc LAT. 68°N LONG. 115°W 

JAN. REB’ MAR. APRIL MAY JUNE JULY ` AUG. SEPT. OCT. NOV. DEC. YEAR 
EF) -18 -15  -4 14 28 43 54 54 43 30 10 -8 18 
p (in.) ae 0.8 1.4 1.6 1.9 1.5 2.4 2.0 1.6 1.8 1.07.1474 
Ee 8 8B 10174 
10. DALLAS, TX ELEVATION481Ft  CLIMATECfa _LAT.33°N LONG. 97°W 

JAN. GER: MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
HCE 461 50 56 65 73 81 85 85 78 68 55 48 66 


-PÍin.) 2.3 2.6 28 4.0 4.8 3.2 BY “231.9 2.8 2.7 2 2.7 34.6 
A a o aaa N a A ESA AAA 


11. : Lo DENVER, CO ELEVATION 5280 Ft CLIMATE BSk LAT. 40°N LONG. 105°W 
: JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 28 32 36 46 56 66 73 72 63 51 38 32 50 
p(in.) 0.6 0.7 182 2.1 2 1.4 1.5 1.3 1.1 1.0 0.7 0.5 14.8 
_ O AAA A e is 07 0 8 
\ 
12. FAIRBANKS, AK ELEVATION 436Ft CLIMATEDfc LAT.65°N LONG. 148°W 
; JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. / SEPT. OCT. NOV. DEC. YEAR 
FN a a L AUG. 2 SEPT OCT NOV. DEC; YEAR 
t (°F) -11 -2 9 30 48 59 60 55 43 27 5 -8 26 
p(in.) 0.9 05. 04 Of 7e . ras M8 22 : 14 0.9 0.6 0.5 11.3 
AAA AA A A ee So ee a 
13. FARGO, ND ELEVATION 895 Ft CLIMATE Dfb LAT. 47°N LONG. 97°W 
JAN, FEB. MAR. . APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 7 11 25 42 55 65 71 69 59 46 28 13 41 
plin) — 0.6 0.7 0.9 1.9 2.2 30k 128 2.7 w 19 0.9 0.6 18.7 © 
e A LEA NE 
14, - FORT SIMPSON, CANADA ELEVATION 554 Ft CLIMATE Dfc LAT. 62°N LONG. 121°W 
JAN. | FEB. MAR. APRIL MAY JUNE © JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) -17 -9 -5 27 46 57 63 57 46 30 7 -11 25 


p (in.) 0.7 0.7 0.5 0.7 1.4 1.5 2.0 1.5 1.3 Fal 0.9 0.8 13.1 . 
— a OO a ee OE tn E 
á—_——_—_________ o €. .—. L 


i5: FROBISHER BAY, CANADA ELEVATION 110 Ft CLIMATE ET LAT. 64°N — LONG. 68.5°W . 
JAN. FEB. MAR. APRIL MAY ` JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) -15 -13 , -6 9 28 39 46 | 45 37 23 7 -8. 16 


p (in.) 0.7 0.9 0.8 0.8 0.7 0.9 1.5 2.0 1.8 TL 1w 1.0 13.3 
EY 


au 
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16. LOS ANGELES, CA. ELEVATION 97 Ft CLIMATE BSk LAT. 34°N LONG. 118.5W 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t CF) 54 55 57 59 62 65 69 69 68 65 61 57 62 
p(in.) 2.7 2.9 1.8 1.0 0.1 0.1 0.0 0.0 0.2 0.4 1.1 2.4 12.6 
17. MEXICO CITY, MEXICO ELEVATION 7340 Ft CLIMATE Cwb LAT. 19.5°N LONG. 99°W 
JAN. FEB. MAR. : APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 54 57 61 64 65 64 62 62 61 59 56 54 60 
p (in.) 0.2 0.3 0.5 0.7 1.9 i 4.1 4.5 4.3 4.1 1.6 0.5 0.3 23.0 
18. MIAMI, FL. “ELEVATION 7 Ft CLIMATE Am LAT. 26°N LONG. 80°W 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (CF) 67 — 68 70 74 78 81 82 82 Bla, © 78 72 68 75 
p(n.) 2.0 1.9 2.3 3.9 6.4 7.4 6.8 7.0 9.5 8.2 2.8 1.7 59.8 
19. MONTREAL, CANADA ELEVATION 187 Ft CLIMATE Dfa LAT. 45.5°N LONG. 73.5°W 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 16 18 28 43 57 66 72 70 61 48 36 22 45 
p (in.) 3.8 3.0 3.5 2.6 3.1 3.4 3.7 3.5 3.7 3.4 3.5 3.6 40.8 
DMA ED A 8 E 
20. NEW ORLEANS, LA. ELEVATION 9Ft CUMATE Cfa LAT. 30°N LONG. 90°W 
4 JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. © SEPT. OCT. NOV. DEC. YEAR 
t (°F) 56 58 63 70 76 82 83 83 80 73 62 57 70 
p (in.) 4.8 4.2 6.6 5.4 5.4 5.6 oral 6.4 5.8 3.7 4.0 4.6 DIA. 
21. NEW YORK, NY ELEVATION 13 Ft CLIMATE Cfa LAT. 41°N LONG. 74°W 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 32 32 39 49 60 70 76 74 68 - 58 46 35 53 
p (in.) 3.2 2.9 4.2 3.5 3.7 3.4 4.0 5.0 4,2 3.2 3.5 3.2 43.9 
22. PORTLAND, ME ELEVATION 43 Ft CLIMATE Dfb LAT. 44°N LONG. 70°W 
JAN. FEB. MAR. APRIL - MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t °F) 22 23 31 ay), Wa Bs 62 68 67 59 49 38 26 45 
-p(in.) 4.4 3.8 4.3 3.7 34 . 32 2.9 2.4 3.5 3.2 4.2 3.8 42.8 


23. PORTLAND,OR  ELEVATIONSOFt  CLIMATECSb LAT.45.5°N_ LONG. 124°W 

JAN. FEB. MAR, APRIL: MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (CF) 40 44 48 54 59 64 68 68 64 56 47 42 55 
p (in.) 5.4 4.9 4.2 2.4 1.9 1.6 0.4 0.6 1.8 3.5 6.0 7.1 39.9 
24. RENO,NV ELEVATION4397Ft CLIMATEBsk LAT.39.5°N LONG. 120°W 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 31 36 41 48 55 62 70 67 60 51 40 33 50 


pln.) 1.0 1.0 0.7 0.5 0.5 0.4 0.2 0.2 0.2 0.6 0.6 0.9 70 
Nag A A A A A ee Se eee 
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25. ST JOHN'S, CANADA ELEVATION 243 Ft CLIMATE Dfb LAT. 47.5°N LONG. 53°W 
JAN. ` FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t(°F) 24 Op 28 35 42 52 60 61 54 46 37 29 44 
pln) 53. 49 46) 42) 36 35 - 35 37 #438 53. 59 Cadm 53.8 
26. ST. LOUIS, MO ELEVATION 535 Ft CLIMATE Cfa LAT. 38.5%N LONG. 90°W h 
Ta JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. + YEAR 
t (°F). 32 35 43. 55 64 74 78 "dh 70 58 44 35 55 
plin) 2:0), 2.03 OZ 43 33 30 28 2% 25 20 353 
27. SAN DIEGO, CA ELEVATION 13 Ft CLIMATE Bsk LAT. 33%N LONG. 117°W 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 55 56 59 62 64 66 70 72 70 66 62 57 63 
pad, 20 22 16 o8 02 0% oo 017  W)os 09 20. 104 
Als}, , > SEATTLE, WA ELEVATION 387 Ft CLIMATE Csb LAT.47.5%N LONG. 122.5°W 
E ` JAN.. FEB. MAR. APRIL . MAY JUNE JULY AUG. SEPT: OCT. NOV. DEC. YEAR 
t (°F). 38. 41 44 49. 56 60 65 64 60 52 44 41 51 


p (in. 5.7 4.2 3.8 2.4 187, 1.6 08 "10 2.0 4.0 5.4 6.3 38.9 


W CENTRAL AND SOUTH AMERICA 


29. i i i ASUNCION, PARAGUAY ELEVATION 456Ft  CLIMATEAw LAT.25°S LONG. 57.5°W 


JAN. FEB. MAR. + APRIL MAY ¿INES ULAG. ql SERTAI OCT. NOV. DEC. YEAR 
t (°F) 81 80 78 72 67 64 64 66) 70 73 76 80 Wie 


p (in.) 5.5 5.1 4.3 5.2 4.6 2.7 2.2 1.5 3.1 5.5 5.9 6.2 51.8 


Y 


ae T ___BELEM,BRAZIL__ELEVATION42Ft CUMATEAf LAT.1.5°S LONG. 48.5°W 


2 JAN, FEB. . MAR. APRIL. MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 

t (°F) 80 79 80 80 80 80 80 80 80 80 81 80 80 

plin.) 12.5 14.1 1N.. 22.6 1082. | Giz 5.9 4.4 3.5 3.3 2.6 6.1 96 
31. l BUENOSAIRES, ARGENTINA © ELEVATION89Ft CLIMATECfa LAT.34°S LONG. 58.5°W 

JAN.: FEB.. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT: NOV. DEC. YEAR 

tC 74) A73 69 61 55 50 49 51 55 60 66 71 61 


plin.) 3.1 2.6 4.4 3.5 3.0 2.4 2.4 2.4 3.1 3.4 3.2 310 53744 
n a + O A ee oe A e E 


a eee e e ea 


32. GOIAS,BRAZIL ELEVATION1706Ft CUMATEAw LAT.16°S LONG. 50°W 
JA FEB: MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
ICHA 76 76 77 76 . 72 793 76 79 78 76 74 76 


p (in.) 12.5 99 102 46 0.4 0.3. 0.0 0.3 2430 E53 9.4 9.5 64.7 
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33. LIMA,PERU = ELEVATION394Ft  CLIMATEBWh  LAT.12S LONG.77°W 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 70 72 YR 68 64 61 60 59 59 61 63 67 65 
p(in.) 0.1 0.0 0.0 0.0 0.2 0.2 0.3 0.3 0.3 0.1 0.1 0.0 1.60 
34. MANAGUA, NICARAGUA ELEVATION 184Ft  CUMATEAw ŁLAT.12°N LONG. 86°W 

JAN. FEB: MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 78 80 82 83 83 81 80 80 80 80 79 78 80 
p (in.) 0.2 0.0 0.2 0.2 3.0 11.7 5.3 5.1 7.2 - 9.6 Zea 0.2 45.0 
35. MANAUS, BRAZIL ELEVATION144Ft  CLIMATEAm LAT.3°S ~ LONG.60°W 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT, OCT. NOV. DEC. YEAR 
t °F) 82 82 82 81 82 82 82 83 84 84 84 83 82 
p (in.) 144 12.8 15.0 15.8 7.3 5.2 2.3 1.5 3.8 4.2 5.6 8.07 95.9 
36. SANTIAGO, CHILE ELEVATION 1706Ft CLIMATECsb  LAT.33.5°S  LONG.71%W 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT.  .NOV. DEC. YEAR 
t (CF) 67 66 62 56 51 46 46 48: 52 56 61 66 56 
p (in.) 0.1 0.1 0.2 0.5 2.5 3.3 3.0 2.2 1.2 0.6 0.3 0.2 14.2 
37. SARMIENTO, ARGENTINA ELEVATION879Ft  CLIMATEBWk LAT.45.5°S LONG. 69°W 
, JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 65 64 58 52 45 38 37 42 46 53 58 62 52 
p (in.) 0.2 0.3 0.3 0.4 0.8 0.8 0.6 0.5 0.4 0.3 0.2 0.3 5.10 
A . 
m AFRICA 
38. BENGHAZI, LIBYA ELEVATION82Ft CLIMATEBSh LAT.32°N LONG.20°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 55 57 63 66 72 75 78 79 78 75 66 59 68 
p(in.) 2.6 1.6 0.8 0.2 0.1 0.0 0.0 0.0 0.1 0.7 1.8 2.6 10.5 
39. BULAWAYO, ZIMBABWE ELEVATION 4405 Ft CLIMATEBSh LAT.20°S  LONG.28.5'E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 71 70 69 68 62 57 57 61 68 72 72 72 67 
p (in. 5.6 4.3 3.3 0.7 04. 0.1 0.0 0.0 0.2 0.8 3.2 4.8 23.4 
40. CAIRO,EGYPT ELEVATION381Ft  CLIMATEBWh LAT.30°N  LONG.31.5%E ' 

JAN. FEB. MAR. APRIL MAY JUNE JULY ‘AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 55 57 63 70 76 80 82 82 78 74 65 58 70 
p{in.) 0.2 0.2 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.2 1 
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41. CAPETOWN, SOUTHAFRICA  ELEVATION56Ft © CLIMATECsb LAT.34°S  LONG.18.5'E 

JAN. FEB. MAR. APRIL. MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 69 70 68 62. 58 56 54 55 57 61 64 67 62 
p (in.) 0.6 03, 107 1.9 3.1 3.3 3.5 2.6 167 w2 2067 0.4 20.0 
42, DAKAR, SENEGAL ELEVATION131Ft  CLIMATEBSh LAT.14.5°N LONG. 17.5°W 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 72 72 72 73 76 80 82 82 82 82 80 74 77 
p (in.) 0.0 0.0 0.0 0.0 0.0 0.7 3.5 10.0 5.2 1.5 0.1 0.3 21.0 
43. DOUALA, CAMEROON  ELEVATION26Ft  CLIMATEAw  LAT.400N LONG.9.5'E 

; JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 

t (°F) --80 - 80 180 * so, ise 78 76 76 76m Y 76 78 79 78 
Díinde + 1168 E 8.0 9.1 -11.8 21.2 29.2 27.3 20.9. - 16.9 6.1 2.5 158.5 
44.. INSALAH, ALGERIA ELEVATION919Ft  CLIMATEBWh = LAT.27°N LONG. 2.5°E 

JAN. FEB. MAR. APRIL . MAY JUNE JULY . AWG. SEPT. OCT. NOV. DEC. YEAR 
t(F) 56 61 68 77 84 95 98 96 91 80 66 58 78 
p (in.) -0.1 “OMe 00 0.0 .0.0 00 0.0 -0.1 0.0 0.0 0.2 0.1: 0.6 
AE O ES A O dd PA A OA 
45. KHARTOUM, SUDAN  ELEVATION1279Ft CLIMATEBWh LAT.15.5°N  LONG.32.5%E 
: JAN. FEB. - MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
EME za gorm - 75 80 85 90 94 94 90 84 81 77 83 
plin) 00 0.0 00 - 0.0 0:1% 0.3 2.1 281 OR, 0.2 0.0 0.0 6:25 
A A A A A A el 
n dn -> -  LUANDA,ANGOLA  ELEVATION194Ft  CLIMATEBSh  LAT.9%S. LONG. 13°E 

- -JAN. - FEB. - MAR. APRIL MAY JUNE © JULY AUG. SEPT. OCT. NOV. DEC. YEAR 

tCE) 78 80 81 81 78 72 70 69 720 75 77 78 76 
pilin’, ERO | 4 3.0 4.6 0.5 0.0 0.0 0.0 0.1 0.2 1.1 0.8 12.7 
47 es | MARRAKECH,MOROCCO ELEVATION 1509Fft  CLIMATEBSh —_.LAT.31.5°N LONG. 8°W 

JAN. FEB. MAR. : ` APRIL MAY - JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR: 
{Chr 52. 55 59 67 69 77 82 85 76 70 62 54 67 
p(in.) 1.0 Ti 1.3 1.2 0.6 0.3 0.1 OA 0.9 12 2 9.4 
A A E E ME IT E SE 
48. MOMBASA, KENYA  ELEVATION52Ft + CLIMATEAw LAT.4°S  LONG.39.5"E 

JAN. < FEB, MAR. APRIL MAY: JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 81 82 82 81 78 76d; 76 76 77 79 80 80 79 


p (in.) 1.012 .. JO. Zro 7.7 120E 4.7 -3.5 2.5 25 3.4 3.8 2.4 47.3 


© 
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E MADAGASCAR 


49. TAMATAVE, MADAGASCAR ELEVATION20Ft CLIMATEAf  LAT.18°S LONG. 49.5°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 80 80 79 78 74 72 70 70 72 74 dial 79 75 
p (in. 14.4 14.8 17.8 15.7 - 10.4 11.1 11.9 8.0 5.2 3.9 4.6 10.3 128.1 


E EUROPE AND ASIA 


50. - ASTRAKHAN, U.S.S.R. ELEVATIONSSFt CLIMATEBSk  LAT.46°N LONG. 48°E 


JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT, OCT. NOV. DEC. YEAR 
t (°F) AS 35 51 66 72 76 74 64 50 39 28 50 
p (in.) 0.6 0.4. 0.5 0.5 0.6 0.8 0.4 1.0 0.9 0.6 0.6 0.7 7.6 
Sik BAGHDAD, IRAQ ELEVATION 111 Ft CLIMATEBWh ~ LAT. 33.5°N LONG. 44.5°E 

y) JAN, FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
A ma a SÉ — e O 
t(*F) 50 53 60 7-32 89 93 93 87 76 64 53 73 
p (in.) 0.9 1.0 1.1 05 0.1 0.0 0.0 0.0 0.0 0.1 0.8 1.0 5.5 
: | = 

52.. : BANGKOK, THAILAND ELEVATION 7 Ft CLIMATE Aw LAT. 14°N LONG. 100.5°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV, DEC. YEAR 
t (°F) 78 82 84 86 85 84 83 83 82 82 80 78 82 
p (in.) 0.3 0.8 qu 3 7.8 EY 036 Dean 0 pig q 2.6 0.2 55.0 
53. BEIJING (PEKING), CHINA ELEVATION 171 Ft CLIMATE Dwa LAT. 40°N LONG. 116°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 24 28 41 58 68 76 79 77 68 55° 38 28 53 
p (in.) 02 0.2 0.3 0:7 1.4 3.1 9.6 5.6 2.3 0.6 0.4 0.1 24.5 
HH Al 
54. BELGRADE, YUGOSLAVIA ELEVATION 433 Ft CLIMATE Cfo LAT. 45°N LONG. 20.5°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
wets AN REE. RIE, UE: OTN 
t (°F) 32 36 44 54 64 69 72 72 66 56 45 37 54 
p (in.) 1.9 1.8 1.8 2.1 2.9 3.8 2.4 2.2 2.0 2 2.4 A 
¡AS A FU ah OS ASADA O. A AA 
55. BERGEN, NORWAY ELEVATION 144 Ft CLIMATE Cfb LAT. 60.5°N LONG. 5.5°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 34 34 36 42 49 55 58 57 52 45 39 36 45 
p(in.) 7.9 6.0 5.3 4.4 3.9 4,3 5.2 7.3 9.4 9.2 8.1 8.2 79.2 
PUDS E AMEE mee a to ES CA o a a A EA 
56. BERLIN, GERMANY ELEVATION 164 Ft CLIMATE Cfo LAT. 52.5°N LONG. 13.5°E 

JAN, FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT, NOV. DEC. YEAR 
t (°F) 31 32 39 48 58 64 67 66 59 49 40 34 49 


p(in.) 1.6 1.5 1.2 1.5 1.7 2.4 2.6 2.6 1.8 1.8 1.8 1.5 22.0 
D ES D A A LE EA a N T 


a 


E 
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7. BOMBAY, INDIA ELEVATION37Ft = CLIMATEAw LAT.16°N LONG.73°E 


5 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t(F) 76 75 79 82 86 84 81 80 80 82 81 78 80 
p(in.) 0.1 0.1 0.1 0.0 0.7 191 24.3 13.4 10.4 2.5 0.5 0.1 71.3 
58. .  CHERRAPUNJI,INDIA ELEVATION4309Ft  CLIMATECwb LAT.25°N  LONG.91.5'E 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SERT. OCT. NOV... . DEC. YEAR 
tt) 53 56 . 62 "65° 467 68 68 69 69 66 60 55 63 
p (in.) 0.7 2.1 ths) a262 50.4 106.1 96.3 70.1 43.3 19% 2.7 0.5 425.0 
— A 5 5 ŘŮĖŮĖĖ—— 
NY 
59. HELSINKI, FINLAND ELEVATION 151Ft = CLIMATEDfb LAT.60°N- LONG. 25°E 
JAN, FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. — ' YEAR 
tE 22 20 26 37 48 58 63 60 32 42 34 27 41 
p(in.) 2.2 1.7 1.4 Ud 1.6 2.0: 2.7 2.8 2.8 2.9 2.7 26 27.1 


COME HONGKONG ELEVATION 109Ft  CLIMATECwa  LAT.22N LONG. 114°E 
JAN. FEB: MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 60 59 64 71 78 82 82 82 81 77. 70 64 72 


p(in.) 1.3 1.8 2.9 5.4. 415-—15.8 —1g,0™_42- 10.1 -45 ie. Maag 


61. ' >> IRKUTSK, U.S.S.R. ELEVATION 1532 Ft CLIMATE Dfc LAT. 52°N l LONG. 104°E 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) —6 —2 14 31 44 56 60 58 46 31 11 =4 28 


p (in.) 0.5 -0.4 0.3 0.6 1.3 MZ 3.1 2.8 LY 0.7 0.6 0.6 14.8 


2. JAKARTA, INDONESIA ELEVATION26Ft CLIMATEAm  LAT.6'S LONG. 107°E 


6 
€ ; JAN. FEB. MAR. APRIL MAY JUNE JULY , AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 79 Zo" = “er 81 81 81 80 81 81 81 80 80 80 


p(in.) 11.8 11.8 8.3 5.8 4.5 3.8 2.5 a ef 2.6 4.4 5.6 8.0 70.8 


3. —_ LISBON, PORTUGAL ELEVATION 253 Ft CLIMATE Csa LAT. 38.5°N LONG. 9°W 
JAN. FEB. MAR. APRIL MAY JUNE JULY ` - AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 52 53 56 60 63 68 72 72 70 65 58 52 62 
p (in.) 4.3 3.0 4.2 2.1 1.7 0.6 0.1 02 ie 2.4 7 a Pd 
64, LONDON, ENGLAND ELEVATION 16 Ft CLIMATE Cfb > LAT.51.5°N LONG. 0.5°W 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT: OCT. NOV. DEC. YEAR 
t (°F) 40. 40 44 49 54 61 64 64 58 52 46 42 52 


pin.) — 2% 1.6 1.5 1.5 E 1.8 n A, 1.9 2.2 2.5 gs 23.3 


65, MANILA, PHILIPPINES  ELEVATION47Ft  CLIMATEAw  LAT.14.5°N LONG. 121°E 
. JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
tCF) 78 78 81 83 84 83 82 81 - 82 82 80 78 81 


p (in.) 0.9 0.5 0.7 1.3- 5.1 10.0 17.0 16.6 14.0 7.6 5.7 2.6 82.0 
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= 


66. i MOSCOW, U.S.S.R. ELEVATION505Ft CLIMATEDfo LAT.56°N ` LONG. 37.5°E 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SERT. OCT. NOV. DEC. YEAR 
t (°F) 14 15 24 40 53 62 66 63 52 40 28 20 40 
p (in.) 1.5 1.4 1.1 1.9 2.2 2.9 3.0 2.9 1.9 2.7 197 1.6 24.8 
67. MUSCAT,OMAN ELEVATON15Ft CLIMATEBWh LAT.23.5N LONG. 58.5°E 
' JAN. — FEB. MAR. . APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 72 72 78 84 92 94 92 88 88 86 80 74 83 


p (in.) 1.1 0.7 ' 0.4 0.4 0.0 0.1 0.0 ` 0.0 0.0 0.1 0.4 0.7 3.9 


68. NARVIK, NORWAY ELEVATION 131 Ft CLIMATE Dfc LAT. 68.5°N LONG. 17.5°E 

JAN. FEB. MAR. APRIL : MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 24 24 28 335 43 50 58 56 48 39 32 28 39 
p (in.) 2.2 1.9 2.4 1.8 1.7 2.6 2.3 3.3 3.8 3.4 2.3 2.2 29.9 
69. m PARIS, FRANCE ELEVATION 246 Ft CUMATE Cfb LAT. 49°N LONG. 2.5°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 38 40 46 52 58 64 67 — 66 62 53 45 40 53 
p (in.) 2.2 1.8 1.4 1.7 2.2 2.1 2.3 25 2.2 2.0 2.0 2.0 24.4 
e __ EER —=—=—=—=— AA — — -——_—— 
o 5 5 mm 4á - __ _— 
70. SVERDLOVSK, U.S.S.R. ELEVATION 894 Ft CLIMATE Dfc LAT. 57°N LONG.60.5°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 0 8 18 34 48 #57 62 58 48 32 16 5 32 
pln) 0.5 0.4 0.5 0.7 1.9 2.7 2.6 247 1.6 1.2 151 0.8 16.7 
PA A E A A A A A a l l 
71. TOKYO, JAPAN ELEVATION 19 Ft CLIMATE Cfa LAT. 35.5°N LONG. 140°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 

E ——— 00 ID aE 
t (°F) 38 40 45 55 62 70 76 79 72 62 52 42 ` 58 
p (in.) 1.9 2.9 4.2 5.3 5.8 6.5 5.6 6.0 9.2 8.2 3.8 2.2 61.6 
72. URUMCHI, CHINA ELEVATION 2972 Ft CLIMATE BSk LAT. 44°N LONG. 87.5°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t CF) 3 7 22 48 60 66 70 68 58 40 22 12 40 
p (in.) 0.6 0.3 0.5. 1.5 1.1 1.5 0.7 1.0 0.6 1.7 1.6 0.4 11.5 
PURAJ O MLO A a aaa meee 
73. VERKHOYANSK, U.S.S.R. ELEVATION 328Ft CLIMATE Dfd LAT. 67.5°N LONG. 134°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) -58 —48 26 4 32 54 56 48 36 4 -35 —54 5 
p(in.) 0.2 0.2 0.1 0.2 0.3 0.9 1.1 1.0 0.5 0.3 0.3 0.2 5.3 
AA A A A l O l 
74. - VLADIVOSTOK, U.S.S.R. ELEVATION94Ft CUMATE Dwb LAT. 43°N LONG. 132°E 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t(°F) 6 TA 40 49 58 66 70 62 48 30 14 40 
p ün.) 0.3 0.4 0.7 1.2 2.1 2.9 3.3 4.7 4.3 1.9 1.2 0.6 23.6 


Gi 
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H AUSTRALIA AND NEW ZEALAND 


75. ALICESPRINGS, AUSTRALIA ELEVATION1901Ft CLIMATE BWh LAT.23.5°S  LONG.134%E | 


JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT, OCT. NOV. DEC. YEAR 
t (°F) 84 82 76 68 60 54 53 58 65 73. 78 82 69 


p (in.) 17 1.3 Val 0.4 0.6 0.5 0.3 0.3 0.3 0.7 14 15 9.9 


76. “AUCKLAND, NEW ZEALAND ELEVATION 161 Ft CLIMATE Cfb LAT.37.5°S LONG. 175°E 
JAN. FEB. MAR, APRIL - MAY JUNE JULY AUG. SEPT. OCT, NOV. DEC. YEAR 
t (°F) 67 67 65 61 57 53 552 55 . 61 - 60 64 59 
ll pagata ihiga Ma hdi ae md Hees. Se a A ale BIG 
77. i DARWIN, AUSTRALIA ELEVATION 104 Ft CLIMATE Aw LAT. 12.5%5 LONG, 131°E 
JAN. FEB. , MAR. APRIL MAY JUNE - JULY. AUG. SEPT. OCT. NOV. DEC. YEAR 
t(F) = 84 83 84 84 82 79 asi: 83 85 86 85 83 
¡Pl 1512 = pza i00 9 39 gga N a 4.7 94. 58,7 
NA ee E E E O e a pa Em o A 58.7 
T TOI e E AN i le 
78. PERTH, AUSTRALIA ELEVATION 197 Ft CLIMATECsa LAT. 32°S LONG. 116°E 
JAN. GEB: MAR. APRIL "MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t(°F) 74 74 71 66 61 57 56 56 58 62 66 71 64 
DGA) ee Oren A A 34:7 
79. SYDNEY, AUSTRALIA ELEVATION 138 Ft CLIMATE Cfa LAT. 34°S LONG. 151°E 
JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) oe) 70 64 59 55 53 56 59 64 67 70 63 
p (in. 30 RON uc LIN A lO 2:07 —"2:87 290" 2:9" 46.5 


m GREENLAND AND ICELAND 


80. ANGMAGSSALIK, GREENLAND. ELEVATION95Ft . CLIMATEET LAT.65.5°N LONG. 37.5°W 


JAN. FEB. MAR. APRIL MAY JUNE JULY ‘AUG. ` SEPT. OCT. NOV. DEC. YEAR 
t (°F) 19 19 / 21 27 - 36 43, . 45 45 39 32 27 23 31 
pün.) . 2.9 2.4 2.6 2.1 2.0 18 15 2.1 3.3 4.7 3.0 217 SY 
81. IVIGTUT, GREENLAND ELEVATION 98 Ft CLIMATEET LAT. 61°N LONG. 48°W 

JAN. FEB. MAR. APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t(F) > 19 19 24 31 40 47 49 47 41 34 26 21 33 
p (in.) 3. 2.6 3.4 2.5 3.5 3.2 3.1 3.7 5.9 5.7 4.6 3.1 44.6 
82. REYKJAVIK, ICELAND ELEVATION 92 Ft CLIMATE Cfc LAT. 64°N LONG. 22W 

JAN, TEC SMAR: APRIL MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. YEAR 
t (°F) 31 32% . 34 38 «44 50 52 51 48 42 35 32 41 


pia.) ¿0 , 3.1 3.0 2.1 1.6 ART 2.0 2.6 3.1 3.4 3.6 3.7 33.9 


“APPENDIX. 


POLLUTANT STANDARDS 
INDEX (PSI) 


The Pollutant Standards Index (PSI) is an index of air 
quality. It includes the pollutants carbon monoxide 
(CO), sulfur dioxide (SO,), nitrogen dioxide (NO,), 
ozone (O, and photochemical oxidants), and total sus- 
pended particles. The index is computed for the par- 
ticular pollutant exhibiting the highest concentration. 
On a scale that ranges from 0 to 500, the National Am- 
bient Air Quality Standard is designated as 100. The 
index, which is based on short-term health effects, 


7 , TABLE G.1 Pollutant Standards Index (PSI) 


r 


uses the term “moderate” to describe air quality be- 
tween 51 and 100. Although these levels may not be 
harmful to humans during a 24-hour period, they may 
exceed long-term standards. Table G.1 shows thata ` 


PSI value greater than 100 is considered unhealthy. It 


also describes the health effects and the precautions 
that should be taken when the PSI value reaches a cer- 
tain level. 


PS! VALUE | DESCRIPTION GENERAL HEALTH EFFECTS PSI EPISODE LEVEL CAUTIONARY STATEMENTS 
i 0-50 Good None 
51-100 Moderate None 
101-199 Unhealthful Mild aggravation of Persons with existing 
4 symptoms in susceptible heart or respiratory 
persons, with irritation ailments should reduce 
symptoms in the healthy physical exertion and out- 
population. dooractivity. 

200-299 Very unhealthful Significant aggravationof  Stage1 Elderly and persons with 
symptoms and decreased Health advisory existing heart or lung 
exercise tolerance in alert disease should stay in- 
persons with heart or lung i doors and reduce physical 
disease, with widespread activity. 
symptoms in the healthy 
population. 

300-399 Hazardous Premature onset of certain Stage 2 Elderly and persons with 
diseases in addition to Health advisory existing diseases should 
significantaggravationof warning stay indoors and avoid 
symptoms and decreased physical exertion. General 
exercise tolerance in population should avoid 
healthy persons. outdoor activity. 

400-500- Hazardous Premature deathofilland | Stage3 All persons should remain 

elderly. Healthy people Emergency indoors, keeping windows 


A nn nnn oo 


will experience adverse 
symptoms that affect their 
normal activity. 


and doors closed. All 
persons should minimize 
physical exertion and 
avoid traffic. 
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WIND CHILL TABLES 


TABLE H.1 M Wind Chill Equivalent Temperature, °F. A 20-Mile-per-Hour Wind Combined 


with an Air Temperature of 10°F Produces a Wind Chill Equivalent Temperature of —24°F 


AIR TEMPERATURE (°F) 
35 30 25 20 15 10 5 0 -5 -10 —15_ 80 -25 -30 -35 -40 -45 
4 35 30 25 20 15 10 5 0 =5 =10 O -B0 —25 A O T5 
= 5 32 27 22 16 11 6 0 =5 : —10° 115 PNT e26 31 — 368 427752788 52 
= 10 22 16 10 3 —3 Y) 515.22 27 34 ¿ay 46 52 7088 F5 61411710 70 
E 15 16 g 2 S —l Sal =25 —31 -38 O O ane O O z2 3075585: 11292 
y 20 12 4 =3 VOS TT 2 =31 0539 "746 E5Y 60 —-67  —74 —61 A 95 O 
5 25 8 1 1 e = EA] =36 —44 —51Ñ “69 7-66 -74 -81 8814496" 1035110 
= 30 6 HAEDO E. HD E L E O mee E TI 78 86 y aml Ol A09 5116 
= 35 4 =e Se) SA E 430 =52) GIO MA 67. —74 =82 -89 7/05). AL 1120 
40 3 EN AS. —21 A) y 09 0768 84 7592 100.107 115 123 
45 2 OESTE 22 038 RS O 70) Comme Oo 102 109% 11745125 


AIR TEMPERATURE (°C) 

8 4 0 -4 -8 —12 -16 ¡-20 —24 —28 -32 —36 —40 a4 
re Calm 8 4. 0 -4 -8 -12 -16 -20 -24 -28 -32 -36 -40 -—44 
E 10 5 0  -4 >8 -13 -17 -22' -26 -31 -35 -40 -44 -49 -53 
= 20 0 -5 10 -15 -21 -26 -31 -36 -42 -47 -52 -57 -63 -68 
m 30 -3 -—8ælA -20 -25 -31 -37 --43 -48 -54 -60 -65 >71 —-77 
5 40 =5: 14 %17 -23, -29 -35 41.47. -53° -59 -657 -71 —77' -83 
2 50 -6 “12. -18 -25 -31 -37 -43 -49 -56 -62 -68 -74 -80 -87 
> 60 718, f-19 -26 -32 -39 -45 -51 -58 -64 -70 -77 -83 -89 
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HEAT INDEX (HI) TABLE 


TABLEI.1 Æ Air Temperature (°F) and Relative Humidity Are Combined to Determine an Apparent 
Temperature or Heat Index (HI). An Air Temperature of 95°F with a Relative Humidity of 55 Percent 
Produces an Apparent Temperature (HI) of 110°F E a 


| Relative Humidity (%) 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75-80 85 90 95 100° 


140 5 | =) | | 

“ 135 201128 | bins | | SOME Head tnde cor apre at te mpi rah re) 
130 Į | DS 

2 125 


Air Temperature (°F) 
pun 
o 
oi 
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STANDARD ATMOSPHERE 
ALTITUDE PRESSURE TEMPERATURE DENSITY 
meters (km) (mi) millibars e CF) ; kg/m? 
0 (0.0) (0.0) 1013.25 15.0 (59.0) 1:225 
"500 ` (0.5) (0.3) 954.61 11.8 (53.2) 1.167 
1,000 - (1.0) (0.6) 898.76 8.5 (47.3) 1.112 
1,500 (1.5) (0.9) 845.59 5.3 (41.5) 1.058 
- 2,000 ` (2.0) (1.2) 795.01 2.0 (35.6) 1.007: 
2,500 (2.5) (1.5) 746.91 -1.2 (29.8) 0.957 
- 3,000 (3.0). (1.9) 701.21 —4.5 - (23.9) 0.909 
3,500 (3.5) (2.2) 657.80 -7.7 (18.1) 0.863 
4,000 . (4.0) (2.5) 616.60 —11.0 _ (12.2) 0.819 
4,500 (4.5) (2.8) 577.52 -14.2 . (6.4) 0.777 
5,000 (5.0) (3.1) 540.48 -17.5 (0.5) 0.736 
- 5,500: (5.5) (3.4) . - 505.39 20.7 (-5.3) 0.697 
6,000 - (6.0) (3.7) 472.17 —24.0 (-11.2) 0.660 
6,500 (6.5) (4.0) 440.75 27.2 (-17.0) 0.624 . 
` 7,000 - (7.0) (4.3) 411.05 —30.4 (-22.7) 0.590 
7,500 (7.5) (4.7) 382.99 33.7 (28.7) 0.557 
8,000 (8.0) (5.0) 356.51. —36.9 (-34.4) 0.526 
8,500 (8.5) (5.3) 331.54 40.2 (-40.4) 0.496 
9,000 (9.0) (5:6) 308.00 —43.4 (-46.1) 0.467 
9,500 (9.5) (5.9) 285.84 —46.6 (51.9) 0.440 
10,000 (10.0) (6.2) 264.99 —49.9 (-57.8) 0.413 
11,000 (11.0) - (6.8) 226.99 . —56.4 - (69.5) 0.365 
12,000 (12.0) (7.5) 193.99 —56.5 (69.7) 0.312 
13,000 (13.0) (8.1) 165.79 .—56.5 (-69.7) 0.267 
14,000 (14.0) (8.7) 141.70 —56.5 ‘(-69.7) 0.228 
15,000 (15.0) (9.3) AL —56.5 (—69.7) 0.195 
16,000 (16.0) (9.9) 103.52 —56.5 (-69.7) 0.166 
17,000 (17.0) (10.6) 88.497 -—56.5 (-69.7) 0.142 
18,000 (18.0) (11.2) 75.652 56.5 (69.7) 0.122 
` 19,000 (19.0) (11.8) 64.674 —56.5 (-69.7) 0.104 
20,000 (20.0) (12.4) 55.293 56.5 (69.7) 0.089 
25,000 (25) (15.5) 25.492 —51.6 (-60.9) 0.040 
30,000 (30) (18.6) 11.970 —46.6 (-51.9) 0.018 
35,000 (35) (21.7) 5.746 —36.6 (-33.9) 0.008 
40,000 (40) (24.9) 2.871 22.8 (—9.0) - 0.004 
45,000 (45) (28.0) 1.491 —9.0 (15.8) 0.002 
50,000 (50) (31.1) 0.798 -2.5 (27.5) 0.001 
60,000 (60) (37.3) 0.220 —26.1 (—15.0) - 0.0003 
70,000 (70) (43.5) 0.052 —53.6 (-64.5) 0.00008 
- 80,000 (80) (49.7) ` 0.010 ` -74.5 (-102.1) 0.00002 
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m PERIODICALS 


Selected nontechnical periodicals that contain articles on. 


weather and climate. l 

Bulletin of the American Meteorological Society. Monthly. 
The American Meteorological Society, 45 Beacon St., Bos- 
ton, Mass. 02108. : 

Meteorological Magazine. Monthly. British Meteorological 
Office, British Information Services, 845 Third Avenue, 
New York, New York. 

National Weather Digest. Quarterly. National Weather Associ- 


ation, 4400 Stamp Road, Room 404, Marlow Heights, MD ' 


20031. (Deals mainly with weather forecasting.) 
NOAA. Bimonthly. Office of Public Affairs, National Oceanic 
and Atmospheric Administration, Rockville, MD 20852. 
Weather. Monthly. Royal Meteorological Society, James 
Glaisher House, Grenville Place, Bracknell, Berkshire, 
England. ; 
Weatherwise. Bimonthly. Heldref Publications, 4000 Alber- 
marle St., N.W., Washington, D.C. 20016. 


Y SELECTED TECHNICAL PERIODICALS 


EOS—Transaction of the American Geophysical Union. 
American Geophysical Union (AGS), Washington, D.C. 

Journal of Applied Meteorology. American Meteorological So- 
ciety (AMS), Boston, Mass. 

Journal of Atmospheric and Oceanic Technology. American 
Meteorological Society (AMS), Boston, Mass. i 

Journal of Atmospheric Science. AMS, Boston, Mass. 

Journal of Climate. American Meteorological Society (AMS), 
Boston, Mass. 

Journal of Geophysical Research. American Geophysical 
Union, Washington, D.C. 

Monthly Weather Review. AMS, Boston, Mass. 

Weather and Forecasting. AMS, Boston, Mass. 


Additional periodicals that frequently contain articles of 
meteorological interest. 


American Scientist. Bimonthly. Sigma Xi, the Scientific Re- 
search Society, Inc., New Haven, Conn. 

Science. Weekly. American Association for the Advancement 
of Science, Washington, D.C. 

Scientific American. Monthly. Scientific American Inc., New 
York, New York. 

Smithsonian. Monthly. The Smithsonian Association, 


Washington, D.C. 


E BOOKS 


The titles listed below may be drawn upon for additional in- 
formation. Many are written at the introductory level. Those 
that are more advanced are marked with an asterisk. 


Anderson, Bette R. Weather in the West, American West Pub- 
lishing Co., Palo Alto, CA, 1975. 

Anthes, A. A. Tropical Cyclones: Their Evolution, Structure, 
and Effect, American Meteorological Society, Boston, 
Mass., 1982. . 

Bach, W. Atmospheric Pollution, McGraw-Hill, New York, 
1972. 

Battan, Louis J: Harvesting the Clouds, Anchor Books, Double- 
day and Co., Garden City, N.Y., 1961. 

. The Nature of Violent Storms, Anchor Books, Double- 
day and Co., Garden City, N.Y., 1961. 

Bohren, Craig F. Clouds in a Glass of Beer: Simple Experi- 
ments in Atmospheric Physics, John Wiley, New York, 
1987. 

*Byers, H. R. General Meteorology, McGraw-Hill, New York, 
1974. ] 

Cotton, W. R. and R. A. Anthes. Storm and Cloud Dynamics, 
Academic Press, New York, 1989. i 

Craig, R. A. The Edge of Space, Anchor Books, Doubleday and 
Co., Garden City, N.Y., 1968. 

Edinger, James G. Watching for the Wind, Anchor Books, 
Doubleday and Co., Garden City, N.Y., 1967. 

*Fleagle, Robert G. and Joost A. Businger. An Introduction to 
Atmospheric Physics (2nd ed.), Academic Press, New York, 
1980. 

Fujita, T. T. The Downburst—Microburst and Macroburst, The 
University of Chicago Press, Chicago, 1985. 

Geiger, R. The Climate Near the Ground, Harvard University 
Press, Cambridge, Mass., 1965. 

Goody, Richard M. and C. G. Walker. Atmospheres, Prentice- 
Hall, Englewood Cliffs, N.J., 1972. 

Greenler, Robert. Rainbows, Halos and Glories, Cambridge 
University Press; New York, 1980. . 

Hartmann, William K. Astronomy: The Cosmic Journey (3rd 
ed.), Wadsworth, Belmont, CA, 1984. 

Hewitt, Paul G. Conceptual Physics: A New Introduction to 
Your Environment (6th ed.), Little, Brown, Boston, Mass., 
1988. 

Holdgate, M. F. A Perspective of Environmental Pollution, 
Cambridge University Press, New York, 1979. 

*Holton, James R. An Introduction to Dynamic Meteorology 
(2nd ed.), Academic Press, New York, 1979. 

Houghton, David D. Handbook of Applied Meteorology, John 
Wiley & Sons, (through AMS, Boston, Mass.), 1985. 
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Hughes, Patrick. American Weather Stories, U.S. Department 
of Commerce, NOAA, Washington, D.C., 1976. l 
Imbrie, John, and K. P. Imbrie. Ice Ages: Solving the Mystery, 

Enslow Publishers, Short Hills, N.J., 1979. 

Inadvertent Climate Modification. Report of the Study of 
Man’s Impact on Climate (SMIC), The MIT Press, Cam- 
bridge, Mass., 1971. l 

International Cloud Atlas. World Meteorological Organiza- 
tion, Geneva, Switzerland, 1987. 

Keen, Richard A. Skywatch: The Western Weather Guide. Ful- 
crum Incorporated, Golden, CO., 1987. 

- Kellogg, W. W. and M. Mead, Eds. The Atmosphere: En- 
dangered and Endangering. U.S. Government Printing 
Office, Washington, D.C., 1977. `. j 

Kessler, Edwin. Thunderstorm Morphology and Dynamics 
(2nd ed.), University of Oklahoma Press, Norman, OK, 1986. 
Kocin, Paul J., and L.. W. Uccellini. Snowstorms along the 

- . Northeastern Coast of the United States: 1955 to 1985, 
American Meteorological Society, Boston, Mass., 1990. 

Kotsch, William J. Weather for the Mariner (2nd ed.), Naval In- 
- stitute Press, Annapolis, MD, 1977. 

Ladurie, E. L. R. Times of Feast, Times of Famine: A History of 
_ Climate since the Year 1000, Doubleday and Co., Garden 

City, N.Y., 1971. . l 

Landsberg, H. E. Weather and Health, Anchor Books, Double- 

day and Co., Garden City, N.Y., 1969. ; 

Lowry, W. D. Weather and Life: An Introduction to Biomete- 
orology, Oregon State University Book Store, Inc., Corvallis, 
Oregon, 1968. . ; y. 4 

*Ludlam, F. H. Clouds and Storms:.The Behavior and Effects 
of Water in the Atmosphere, The Pennsylvania State Uni- 
_ versity Press (through AMS, Boston, Mass.), 1980. 

‘Ludlum, D. M. The Country Journal New England Weather 
Book, Houghton Mifflin, Boston, Mass., 1976. 4 

. Early American Winters: 1604-1870, American Me- 
teorological Society, Boston, Mass., 1967. 
———. Weather Record Book, Weatherwise, Inc., Princeton, 
N.J., 1971. 

Mason, B. J. Clouds, Rain and Rainmaking (2nd ed.), Cam- 
bridge University Press, New York, 1975. 

Mather, J. R. Climatology: Fundamentals and Applications, 
McGraw-Hill, New York, 1974. 


Middleton, W. E. K. The Invention of the Meteorological In- 
struments, Johns Hopkins University Press, Baltimore, MD, 

` 1969. 

National Academy Press. Acid Deposition—Atmospheric 
Processes in Eastern North America, Washington, D.C., 
1983. 

. Causes and Effects of Stratospheric Ozone Reduction: 

An Update, Washington, D.C., 1982. 

. Changing Climate: A Report of the Carbon Dioxide As- 

sessment Committee, Washington, D.C., 1983. 

. The Effects on the Atmosphere of a Major Nuclear Ex- 

change, Washington, D.C., 1985. 

. Ozone Depletion, Greenhouse Gases, and Climate 

Change, Washington, D.C., 1989. - 

- Solar Variability, Weather, and Climate, Washington, 

D.C., 1982. i 

National Research Council. Severe Storms: Prediction, Detec- 

: tion, and Warning, National Academy of Sciences, Wash- 
ington, D.C., 1977. 

*Palmen, E. and C. W. Newton. Atmospheric Circulation Sys- 
tems, Academic Press, New York, 1969. 

Reiter, E.R. Jet Streams: How Do They Affect Our Weather? 
Anchor Books, Doubleday and Co., Garden City, N.Y., 1967. 

Roberts, Walter Orr and Henry Landsford. The Climate Man- 
date, W. H. Freeman and Co., San Francisco, 1979. 

“Rogers, R..R. A Short Course in Cloud Physics (3rd ed.), Per- 

~ gamon Press, Oxford, England, 1989. . 

Schaeter, Vincent J. and John A. Day. A Field Guide to the At- 
mosphere, Houghton Mifflin (through AMS, Boston, Mass.), 
1981. 

Schroeder, Mark S. and Charles C. Buck. Fire Weather, U.S. 
Department of Agriculture, Washington, D.C., 1970. 

Simpson, Robert H. and Herbert Riehl. The Hurricane and Its 
Impact, Louisiana State University Press, Baton Rouge, La., 
1981. : 

Stanford, John L. Tornado: Accounts of Tornadoes in lowa, 
Iowa State University Press, Ames, Iowa, 1977. 

U.S. Department of Commerce, NOAA. Aviation Weather, 
U.S. Department of Agriculture, Washington, D.C., 1975. _ 

*Wallace, J. M. and P. V. Hobbs. Atmospheric Science: An In- 
troductory Survey, Academic Press, New York, 1977. 


[ABSOLUTE HUMIDITY The mass of water vapor in a given vol 

“ume of air, It represents the density of water vapor in the air. d 

ABSOLUTE VORTICITY See ROLE 
erature ri 


ABSOLUTELY STABLE AIR An atmospheric condition that 

exists when the environmental lapse rate is less than the moist 

, adiabatic rate. This results in a lifted parcel of air being colder 

than the air around it. 

ABSOLUTELY UNSTABLE AIR An atmospheric condition that 

y exists when the environmental lapse rate is greater than the 

- dry adiabatic rate. This results in a lifted parcel of air being 

warmer than the air around it. 

» ACCRETION The growth of a precipitation particle by the col- 
lision of an ice crystal or snowflake with a supercooled liquid 
droplet that freezes upon impact. 

, ACID DEPOSITION The depositing of acidic particles (usually 
sulfuric acid and nitric acid) at the earth’s surface. Acid dep- 
osition occurs in dry form (dry deposition) or wet form (wet 
deposition). Acid rain and acid precipitation often denote wet 
deposition. (See Acid rain.) 

ACIDFOG See Acid rain. 

ACIDRAIN Cloud droplets or raindrops combining with gase- 

ous pollutants, such as oxides of sulfur and nitrogen, to make 

falling rain (or snow) acidic—pH less than 5.6. If fog droplets 

combine with such pollutants it becomes acid fog. 

ACTUAL VAPOR PRESSURE See Vapor pressure. 

ADIABATIC PROCESS A process that takes place without a 

transfer of heat between the system (such as an air parcel) and 

its surroundings. In an adiabatic process, compression always 

results in warming, and expansion results in cooling. 
DVECTION The horizontal transfer of any atmospheric prop- 

_erty by the wind: 

ADVECTION FOG Occurs when warm, moist air moves over a 

cold surface and the air cools to below its dew point. 

AEROSOLS Tiny suspended solid particles (dust, smoke, etc.) 

or liquid droplets that enter the atmosphere from either natu- 

ral or human (anthropogenic) sources, such as the burning of 

fossil fuels. 

AEROVANE A wind instrument that indicates or records both 

wind speed and wind direction. 

Aros Acronym for Automation of Field Operations and Ser- 


GLOSSARY 


vices. Electronic-computerized system that displays weather 
information on TV-type consoles. 

AIRDENSITY See Density. 

AIRGLOW A faint glow of light emitted by excited gases in the 
upper atmosphere. Air glow is much fainter than the aurora. 
AIRMASS A large body of air that has similar horizontal tem- 
perature and moisture characteristics. 

AIR-MASS THUNDERSTORM A thunderstorm produced by 
local convection within an unstable air mass. 

AIR MASS WEATHER A persistent type of weather that may last 
for several days (up to a week or more). It occurs when an area 
comes under the influence of a particular air mass. 

AIR PARCEL DEE Parcel of air, 


AITKEN NUCLEI E Son “pelts 


ALBEDO The percent of radiation returning EE a ¿ua 
compared to that which strikes it. 

ALEUTIAN LOW The subpolar low-pressure area that is cen- 
tered near the Aleutian Islands on charts that show mean sea 
level pressure. 

ALTIMETER An instrument that indicates the altitude of an 
object above a fixed level. Pressure altimeters use an aneroid 
barometer with a scale graduated in altitude instead of pres- 
sure. 

ALTOCUMULUS A middle cloud, usually white or gray. Often 
occurs in layers or patches with wavy, rounded masses or 
rolls. 

ALTOCUMULUS CASTELLANUS An altocumulus cloud showing 
vertical development. Individual cloud elements have tower- 
like tops, often in the shape of tiny castles. 

ALTOSTRATUS A middle cloud composed of gray or bluish 
sheets or layers of uniform appearance. In the thinner regions, 
the sun or moon usually appears dimly visible. 

ANALOGUE METHOD OF FORECASTING A forecast made by 
comparison of past large-scale synoptic weather patterns that 
resemble a given (usually current) situation in its essential 
characteristics. l 
ANALYSIS The drawing and interpretation of the patterns of 
various weather elements on a surface or upper-air chart. 
ANEMOMETER An instrument designed to measure wind 
speed. 
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ANEROID BAROMETER An instrument designed to measure at- 
mospheric pressure. It contains no liquid. 


ANGULAR MOMENTUM The product of an object's mass, 


speed, and radial distance of rotation. 

ANNUAL RANGE OF E The difference between the 
warmest and coldest months at any given location. 
ANTICYCLONE An area. of high pressure around which the 
wind blows clockwise in the Northern Hemisphere and coun- 
terclockwise in the Southern Hemisphere. 

ARCUS CLOUD See Roll cloud. 

ARID CLIMATE. An extremely dry climate—drier than the 
semi-arid climate. Often referred to as a “true desert” climate. 
ASOS Acronym for Automated Surface Observing Systems. A 
system designed to provide continuous information of wind, 
temperature, pressure cloud base height, and runway pane 
ity at selected airports. 

ATMOSPHERE The. envelope of gases that surround a planet 
and are held to it by the planet's gravitational attraction. The 
earth's atmosphere is mainly nitrogen and oxygen. 


ATMOSPHERIC GREENHOUSE EFFECT The warming of an atmo- N 


sphere by its absorbing and reemitting infrared radiation 
while allowing shortwave radiation to pass on through. The 
gases mainly responsible for the earth’s atmospheric green- 
house effect are water vapor and carbon dioxide. Also called 
the greenhouse effect. ` l 
ATMOSPHERIC MODELS Simulation of the atmosphere’s be- 
havior by mathematical equations or by physical models. 
ATMOSPHERIC STAGNATION A condition of light winds and 
poor vertical mixing that can lead to a high concentration of 
pollutants. Air stagnations are most often associated with fair 
weather, an inversion, and the sinking air oii: a high-pressure 
area. 


ATMOSPHERIC WINDOW The wavelength range between 8 and 


¿11 pm in which little absorption of infrared radiation takes 


place. l 
ATTENUATION Any process in which the rate of flow of a 
beam of energy decreases (mainly due to absorption or scatter- 
ing) with increasing distance from the energy source. 

AURORA Glowing light display in the nighttime sky caused 
by excited gases in the upper atmosphere giving off light. In 
the Northern Hemisphere it is called the aurora borealis 
(northern lights); in the Southern Hemisphere, the aurora 
mais SS ligh) 


AWIPS ETIT for Advanced Weat er Interactive Proces- 
sing System. New computerized system that integrates and 
processes data received at a Weather Forecasting Office from 
NEXRAD, ASOS, and Tipe and guidance E pre- 
pared by NMC. è 


BACK-DOORCOLDFRONT A cold front moving south or south- 
west along the Atlantic seaboard of the United States. . 


BACKING WIND A wind that changes direction in a counter- 
clockwise sense (e.g., north to northwest to west). 
BALLLIGHTNING A rare form of lightning that may consist of a 
reddish, luminous ball of electricity or charged air. 

BANNER CLOUD A cloud extending downwind from an iso- 
lated mountain peak, often on an otherwise cloud-free day. 
BAROCLINIC (ATMOSPHERE) The state of the atmosphere 
where surfaces of constant pressure intersect surfaces of con- 
stant density. On an isobaric chart, isotherms cross the con- 
tour lines, and temperature advection exists. 

BAROCLINIC INSTABILITY A type of instability arising from a 
meridional (north to south) temperature gradient, a strong ver- 
tical wind speed shear, temperature advection, and di- 
vergence in the flow aloft. Many mid-latitude cyclones de- 


- velop as a result of this instability. 


BAROGRAPH A recording barometer. 
sures atmospheric pres- 
meters are the mercury ba-_ 


BAROTROPIC (ATMOSPHERE) A condition in the atmosphere 

where surfaces of constant density parallel surfaces óf con- 

stant pressure. 

BERGERON PROCESS See Ice crystal process. 

BERMUDA HIGH See Subtropical high. 

BILLOW CLOUDS Broad, nearly parallel lines of clouds 

o) iented at aight a angles to the wind. 

Mi Tature-measuring device 
of two eenilar metals that expand and 

ntract differentially as the temperature changes. 


BLACK BODY A hypothetical object that absorbs all of the 
Cae e = A £ 
:radiation that strikes it. It also emits radiation at a maximum 


rate for its given temperature. 


_ BLIZZARD A severe weather condition characterized by low 


temperatures and strong winds (greater than 35 mi/hr) bearing 
a great amount of snow. either falling or blowing. When these 
conditions continue after the falling snow has ended, it is 
termed a ground blizzard. 

BOULDER WINDS Fast-flowing, local downslope winds that 
may attain speeds of 100 knots or more. They are especially 
strong along the eastern foothills of the Rocky Mountains near 
Boulder, Colorado. 

BROCKEN BOW A bright ring of light seen around the shadow 
of an observer's head as the observer peers into a cloud or fog 
bank. Formed by diffraction of light. ` 

BUYS-BALLOT'S LAW A law describing the relationship be- 
tween the wind direction and the pressure distribution. In the 
Northern Hemisphere, if you stand with your back to the sur-. 
face wind, then turn clockwise about 30°, lower pressure will 
be to your left. In the Southern Hemisphere, stand with your 
back to the surface wind, then turn counterclockwise about 
30°, lower pressure will be to your right. 


CALIFORNIA CURRENT The ocean current that flows south- 
ward along the west coast of the United States pon about 
Washington to Baja California. i 


CALIFORNIA NORTHER A strong, dry, northerly wind that 
blows in late spring, summer, and early fall in northern and 
central California. Its warmth and dryness are due to down- 
slope compressional heating. 

CAPCLOUD See Pileus cloud. 

CARBON DIOXIDE (CO,) A colorless, odorless gas whose con- 
centration is about 0.035 percent (350 ppm) in a volume of air 
near sea level. It is a selective absorber of infrared radiation 
and, consequently, it is important in the earth’s atmospheric 
greenhouse effect. Solid CO, is called dry ice. 

CEILING The height of the lowest layer of clouds when the 
weather reports describe the sky as broken or overcast. 
CEILING BALLOON A small balloon used to determine the 
height of the cloud base. The height is computed from the bal- 
loon’s ascent rate and the time required for its disappearance 
into the cloud. 

CEILOMETER An instrument that automatically records cloud 


CENTRIPETAL ACCELERATION The wart directed accelera- 
tion on a particle moving in a curved path. 

CENTRIPETAL FORCE The radial force required to keep an ob- 
ject moving in a circular path. It is directed toward the center 
of that curved path. 

CHINOOK WALL CLOUD A bank of clouds over the Rocky 
Mountains that signifies the approach of a chinook. - 
CHINOOK WIND A warm, dry wind on the eastern side of the 
Rocky Mountains. In the Alps, this wind is called a foehn. 
CIRROCUMULUS A high cloud that appears as a white patch of 
clouds without shadows. It consists of very small elements in 
the form of grains or ripples. 

CIRRUS A high cloud composed of ice crystals in the form of 
thin, white, featherlike clouds in patches, filaments, or narrow 
bands. 

CLEAR AIR TURBULENCE (CAT) Turbulence ETT by 
aircraft flying through cloudless skies. Thermals, wind shear, 
and jet streams can each be a factor in producing CAT. 
CLEARICE A layer of ice that appears transparent because of 
its homogeneous structure and small number and size Sin air 
pockets. 

CLIMATE The accumulation of daily and seasonal weather 
events over a long period of time. 

CLIMATIC CONTROLS The relatively permanent factors that 
govern the general nature of the climate of a region. 

CLIMATIC OPTIMUM A period in geological history (about 
7000 to 5000 years ago) when temperatures were warmer than 
at present. 

CLIMATOLOGICAL FORECAST A weather forecast, usually a 
month or more in the future, which is based upon the climate 
of aregion rather than upon current weather conditions. 
CLOUDBURST Any sudden and heavy rain shower. 

CLOUD SEEDING The introduction of artificial substances 
(usually silver iodide or dry ice) into a cloud for the purpose of 
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either modifying its development or increasing its precip- 
itation. 

CLOUD STREETS Lines or rows of cumuliform clouds. 
COALESCENCE The merging of cloud droplets into a single 
larger droplet. 

COLD CLOUDS See Supercooled cloud. 

COLDFOG See Supercooled cloud. o 
COLD FRONT A transition zone where a cold air mass ad- 
vances and replaces a warm air mass. 

COLD OCCLUSION See Occluded front. 

COLD WAVE A rapid fall in temperature within 24 hours that 
often requires increased protection for agriculture, industry, 
commerce, and human activities. 

COMMA CLOUD A band of organized cumuliform clouds that 
looks like a comma on a satellite photograph. 

COMPUTER ENHANCEMENT A process where the temperatures 
of radiating surfaces are assigned different shades of gray (or 
different colors) on an infrared picture. This allows specific 


features to be more ca Ri 


CONDENSATION NUCLEI Tiny inician: upon whose surfaces 
condensation of water vapor begins in the atmosphere. Small 
nuclei less than 0.2 pm in radius are called Aitken nuclei; 


- those with radii between 0.2 and 1 pm are large nuclei, while 


giant nuclei have radii larger than 1 pm. 
CONDITIONALLY UNSTABLE AIR An atmospheric condition 


_that exists when the environmental lapse rate is less than the 


dry adiabatic rate but greater than the moist adiabatic rate. 
Also called conditional instability. 
CONDUCTION The transfer of heat by molecular activity from 


one substance to another, or through a substance. Transfer is . 


always from warmer to colder regions. 


CONSTANT-HEIGHT CHART (CONSTANT-LEVEL CHART) A chart 


showing variables, such as pressure, temperature, and wind, 
at-a specific altitude above sea level. Variation in horizontal 
pressure is depicted by isobars. The most common constant- 
height chart is the surface chart, which is also called the sea 
level chart. 

CONSTANT PRESSURE CHART (ISOBARIC CHART) A chart show- 
ing variables, such as temperature and wind, on a constant 
pressure surface. Variations in height are usually shown by 
lines of equal height (contour lines). 

CONTACT NUCLEATION (FREEZING) The process by which 
contact with a nucleus such as an ice crystal causes super- 
cooled liquid droplets to change into ice. 

CONTINENTAL ARCTIC AIR MASS An air mass characterized by 
extremely low temperatures and very dry air. 

CONTINENTAL POLAR AIR MASS An air mass characterized by 
low temperatures and dry air. Not as cold as arctic air masses. 
CONTINENTAL TROPICAL AIR MASS An air mass characterized 
by high temperatures and low humidity. 

CONTOURLINE A line that connects points of equal elevation 
above a reference level, most often sea level. 

CONTRAIL (CONDENSATION TRAIL) A cloudlike streamer fre- 


f 
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quently: seen forming behind aircraft flying in clear, cold, 
humid air. 

CONVECTION Motions in a fluid that result in Ez transport ' 
and mixing of the fluid’s properties. In meteorology, convec- 
tion usually refers to atmospheric motions that are predom- 
inantl vertical, such as rising air currents due to surface heat-. 
ing. The rising of heated surface air and the sinking of cooler 
air aloft is often called free convection. (Compare with forced 
convection. ) 

CONVECTIVE CONDENSATION LEVEL (CCL) The level above the 
surface marking the base of a cumuliform cloud that is forming 
due to surface heating and rising thermals. 

CONVECTIVE INSTABILITY Instability arising in the atmo- 
sphere when acolumn of air exhibits warm, moist, nearly satu- 
rated air near the surface and cold, dry air aloft. When the 


lower part of the layer is lifted and saturation occurs, it be- 


comes unstable. 


CONVERGENCE An atmospheric condition that exists when 


the winds cause a horizontal net inflow of air into a specified 
region. 


CORIOLIS FORCE An apparent force observed on any free- 
moving object in a rotating system. On the earth this deflective 
force results from the earth’s rotation and causes moving par- 
ticles (including the wind) to deflect to the right in the North- 


_ern Hemisphere and to the left in the Southern Hemisphere. 
_ CORONA (OPTIC) A series of colored rings concentrically sur- 
rounding the disk of the sun or moon. Smaller than 


e halo, 
the corona is caused by the diffraction of light hen i small 
water droplets of uniform size. — 

COUNTRY BREEZE A light breeze that blows into a city from 
the surrounding countryside. It is best observed on clear 
nights when the urban heat island is most pronounced. 


CREPUSCULAR R RAYS Alternating light and dark bands of light’. 


that appear to fan out from the sun’s position, usually at 
twilight. © 

CUMULONIMBUS An oca dense and vertically de- 
veloped cloud, often with a top in the shape of an anvil. The 
cloud is frequently accompanied by heavy showers, lightning, 
thunder, and sometimes hail. It is also known as a thunder- 
storm cloud. 
CUMULUS A cloud in the fort of hidiv idiak PE dome? 
or towers that are usually dense and well defined. It has a flat 
base with a bulging upper part that often resembles cauli- 
flower. Cumulus clouds of fair weather are called cumulus 
humilis. Those that exhibit much vertical growth are called 
cumulus congestus or towering cumulus. 

CUMULUS STAGE The initial stage in the development of : an 
air mass thunderstorm in which rising, warm, humid air iride- 
velops into a cumulus cloud. 


DAILY RANGE OF TER 


CURVATURE EFFECT In cloud physics, as cloud droplets de- 
crease in size, they exhibit a greater surface curvature that 
causes a more rapid rate of evaporation. 

CUT-OFF Low A cold upper-level low that has become dis- 
placed out of the basic westerly flow and lies to the south of 
this flow. 

CYCLOGENESIS The development or ¿hina of middle 
latitude (extratropical) cyclones. 

CYCLONE An area of low pressure around which the winds 
blow counterclockwise in the Northern Hemisphere and 
clockwise in the Southern Hemisphere. 


um and minimun 
DART LEADER e discharge of electrons that proceeds inter- 
mittently toward the ground along the same ionized channel 
taken by the initial lightning stroke. 
DENDROCHRONOLOGY The analysis of the annual growth 
rings of trees as a means of interpreting past climatic con- 
ditions. 


n subfreezing air when, 
without becoming a liquid” 


DEPOSITION NUCLEI Tiny particles (ice nuclei) upon which 
an ice crystal may grow by the process of deposition. 
DESERTIFICATION - A general increase in the desert conditions 
of aregion. 

DESERT PAVEMENT An arrangement of pebbles and large 
stones that remains behind as finer dust and sand particles are 
blown away by the wind. 

DEW Water that has condensed onto objects near the ground | 
when their temperatures have fallen below the dew point of 
the surface air.. 

‘DEW CELL An instrument used to determine the dew-point 
temperature. 

DEW POINT (DEW-POINT TEMPERATURE) The temperature to 
which air must be cooled (at constant pressure and constant 
water vapor content) for saturation to occur. 


| DIFFRACTION The bending of light around objects, such as 


cloud and fog droplets, producing fringes of light and dark or 
colored bands. 

DISPERSION The separation of white light into its different 
component wavelengths. 

DISSIPATING STAGE The final stage in the development of an 
air mass thunderstorm when downdrafts exist throughout the 
cumulonimbus cloud. 

DIVERGENCE An atmospheric condition that exists when the 
winds cause a horizontal net outflow of air from a sp quita 
region. 


‘DOLDRUMS The region near the equator that is CER 


by low pressure and light, shifting winds. 


DOPPLER LIDAR The use of light beams to determine the ve- 
locity of objects such as dust and falling rain by taking into ac- 
count the Doppler shift. 

DOPPLERRADAR A radar that determines the velocity of fall- 
ing precipitation either toward or away from the radar unit by 
taking into account the Doppler shift. 

DOPPLER SHIFT (EFFECT). The change in the frequency of 
waves that occurs when the emitter or the observer is moving 
toward or away from the other. _ 

DOWNBURST A severe localized downdraft that can be experi- 
enced beneath a severe thunderstorm. (Compare Microburst 
and Macroburst.) 

DRIZZLE Small water drops between 0.2 and 0.5 mm in di- 
ameter that fall slowly and reduce visibility more than light 
rain. 

DROUGHT A period of abnormally dry weather sufficiently 
long enough to cause serious effects on agriculture and other 
activities in the affected area. 

PRY ADIABATIC RATE The rate of change of temperature in a 
rising or descending unsaturated air parcel. The rate of adia- 
batic cooling or warming is about 10°C per 1000 m (5.5°F per 
4000 ft). 

DRY ADIABATS Lines on an adiabatic chart that show the dry 
adiabatic rate for rising or descending air. They represent lines 
of constant potential temperature. 

DRY-BULB TEMPERATURE The air temperature measured by 
the dry-bulb thermometer of a psychrometer. 

DRY CLIMATE A climate deficient in precipitation where an- 


nual potential evaporation and transpiration exceed precip-: 


itation. 

DRYHAZE SeeHaze. _ 

DRY LINE A boundary that separates warm, dry air from 
warm, moist air. It usually represents a zone of instability 
along which thunderstorms form. 

DRY-SUMMER SUBTROPICAL CLIMATE A climate characterized 
by mild, wet winters and warm to hot, dry summers. Typically 
located between 30 and 45 degrees latitude on the western side 
of continents. Also called Mediterranean climate. 

DUST DEVIL (OR WHIRLWIND) A small but rapidly rotating 
wind made visible by the dust, sand, and debris it picks up 
from the surface. It develops best on clear, dry, hot afternoons. 


EASTERLY WAVE A migratory wavelike disturbance: in the 
tropical easterlies. Easterly waves occasionally intensify i into 
tropical cyclones. 

ECCENTRICITY (OF THE EARTH'S ORBIT) The deviation of fis 
earth’s orbit from elliptical to nearly circular. 

EDDY A small volume of air (or any fluid) that behaves differ- 
ently from the larger flow in which it exists. 

EDDY Viscosity The internal friction produced by turbulent 
flow. 

EKMAN SPIRAL An idealized description of the way the wind- 
driven ocean currents vary with depth. In the atmosphere it 
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represents the way the winds vary from the surface up through 
the friction hie 


ELECTROMAGNETIC. Sanas See Radiant ae 
ELNINO An extensive ocean warming that begins along the 
coast of Peru and Ecuador. Major El Niño events occur once 
every 3 to 7 years as a current of nutrient-poor tropical water 
moves southward along the west coast of South America. 
EMBRYO In cloud physics, a tiny ice crystal that grows in size 
_and becomes an ice nucleus. y 
i _ ENERGY The property.of a system that generally enables it to y 
do work. Some forms of energy are kinetic, radiant, potential, 
chemical, electric, and magnetic. 
ENTRAINMENT The mixing of environmental air into a pre- 
existing air current or cloud so that the environmental air be- 
comes part of the current or cloud. 
ENVIRONMENTAL LAPSE RATE The rate of decrease of air tem- 
perature with elevation. It is most often measured with a 
radiosonde. 
EQUILIBRIUM VAPOR PRESSURE The necessary vapor pressure 
around liquid water that allows the water to remain in equilib- 
rium with its environment. Also called saturation vapor 
Ln E 


ss A. ich aldeas 


EVAPORATION (MIXING) FOG Fog produced when sufficient : 
water vapor is added to the air by evaporation, and the moist 
air mixes with relatively drier air. The two common types are 
steam fog, which forms when cold air moves over warm water, 
and frontal fog, which forms as warm raindrops evaporate ina 
cool air mass. 


EXTRATROPICAL CYCLONE A cyclonic storm that es) often 
forms along a front in middle and high latitudes. Also called a 
middle latitude storm, a depression, and a low. It is not a trop- 
ical storm or hurricane. 

EYE A region in the center of a hurricane (tropical storm) 
where the winds are light and skies are clear to partly cloudy. 
EYE WALL A wall of dense E that surrounds the 
eye ofa hurricane. : 


FALL STREAKS Hina ice pases that evaporate before 
reaching the ground. 
FALL WIND A strong, cold katabatic wind that blows down- 
slope off snow-covered plateaus. 

FATA MORGANA A complex mirage that is characterized by 
objects being distorted in such a way as to appear as castlelike 
features. 
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FEEDBACK MECHANISM A process whereby an initial change 
in an atmospheric process will tend to either reinforce the pro- 
cess (positive feedback) or weaken the process (negative feed- 
back): $: L} 

FERREL CELL The name given to the middle latitude cell in 
the 3-cell model of the general circulation. . ‘ate 
FETCH The distance that the wind travels over open water. 
FLASH FLOOD A flood that rises and falls quite rapidly with 


little or no advance warning, usually as the result of intense - 


rainfall over a relatively small area. - 
FOEHN See Chinook wind. 
Fog A cloud with its base at’ the earth's surface. It reduces 
visibility to below 1 km. . : 

FORCED CONVECTION Ona small scale, a form of mechanical 
stirring taking place when twisting eddies of air are able to mix 
hot surface air with the cooler air above. On a larger scale, it 
can be induced by the lifting of warm air along a front (frontal 
uplift) or along a topographic barrier (orographic uplift). 
FREE CONVECTION S ion. te l 


FREEZ) 


N È eezing 0 
tural crops. A free 
gion, causing 


Oe, E 


supercooled liquid droplets. 
FREEZING RAIN AND FREEZING DRIZZLE. Rain or drizzle that 


falls in liquid form and then freezes upon striking a cold object: 


_ or ground. Both can produce a coating of ice on objects which 
- is called glaze... - 3 ha. . 


- FRICTIONLAYER The atmospheric layer near the surface usu- 


ally extending up to about 1 km (3300 ft) where the windisin- — 


fluenced by friction of the earth’s surface and objects on it. 
FRONT The transition zone between two distinct air masses. 
FRONTALFOG See Evaporation fog. ~ 
FRONTAL INVERSION A temperature inversion encountered 
upon ascending through a sloping front, usually a warm front. 


FRONTAL THUNDERSTORMS Thunderstorms that form in re- 


sponse to forced convection (forced lifting) along a front. Most 
go through a cycle similar to those of air-mass thunderstorms. 
FRONTAL WAVE A wavelike deformation along a front in the 
lower levels of the atmosphere. Those that develop into storms 
are termed unstable waves, while those that do not are called 
stable waves. l k 
FRONTOGENESIS The formation, strengthening, or regenera- 
tion of a front. 

FRONTOLYSIS The weakening or dissipation of a front. 

FROST (ALSO CALLED HOARFROST) A covering of ice produced 
by deposition on exposed surfaces when the air temperature 
falls below the frost point. ` i” 
FROSTBITE The partial freezing of exposed parts.of the body, 
causing injury to the skin and sometimes to deeper tissues. 


‘PROSTPOINT The temperature at which the air becomes satu- d 
/ 


_ rated with respect to ice when cooled at constant pressure and: 


constant water vapor content. 

FROZEN DEW The transformation of liquid dew into tiny 
beads of ice when the air temperature drops below freezing. 
FUJITA SCALE A scale developed by T. Theodore Fujita for 
classifying tornadoes according to the damage they cause and 
their rotational wind speed. 
FUNNELCLOUD A rotating conelike cloud that extends down- 
ward from the base of a thunderstorm. When it reaches the sur- 
face it is called a tornado. 


GALAXY A huge assembly of stars (between millions and 
hundreds of millions) held together by gravity. 


lamic law 


o its density and absoluter 
tel re. i . ! 
GENERAL CIRCULATION OF THE ATMOSPHERE Large-scale 
atmospheric motions over the entire earth. 
GEOSTATIONARY SATELLITE A satellite that orbits the earth at 
the same rate that the earth rotates and thus remains over a 
fixed place above the equator. 
GEOSTROPHIC WIND A theoretical horizontal wind blowing 
ina straight path, parallel to theisobars or contours, at acon- 
stant speed. The geostrophic wind results when the Coriolis 
force exactly balances the horizontal pressure gradient force. 
GIANT NUCLEI See Condensation nuclei. 

GLACIATED CLOUD A cloud or portion of a cloud where only 
ice crystals exist. 

GLOBALSCALE The largest scale of atmospheric motion. Also 
called the planetary scale. q 


GLORY Colored rings that appear around the shadow of an. 


object. 

GRADIENT WIND A theoretical wind that blows parallel to . 
curved isobars or contours. 

GRAUPEL Ice particles between 2 and 5 mm in diameter that 
form in a cloud often by the process of accretion. Snowflakes 
that become rounded pellets due to riming are called graupel 
or snow pellets. 


GREEN FLASH A small green color that occasionally appears 


on the upper part of the sun as it rises or sets. 
GREENHOUSEEFFECT See Atmospheric greenhouse effect. 
GROUND FOG See Radiation fog. 


GROWING DEGREE-DAY A form of the degree-day used as a- 


guide for crop planting and for estimating crop maturity dates. , 
GULF STREAM A warm, swift, narrow ocean current flowing 
along the east coast of the United States. 

GUSTFRONT A boundary that separates a cold downdraft of a 
thunderstorm from warm, humid surface air. On the surface its 
passage resembles that of acold front. 6 
GYRE A large circular, surface ocean current pattern. 


HABOOB A dust or sandstorm that forms as cold downdrafts 
froma thunderstorm turbulently lift dust and sand into the air. 


HADLEY CELL A thermal circulation proposed by George Had- 
ley to explain the movement of the trade winds. It consists of 
rising air near the equator and sinking air near 30° latitude. 
HAILSTONES Transparent or partially opaque particles of ice 
that range in size from that of a pea to that of golf balls. 
HAILSTREAK The accumulation of hail at the earth’s surface 
along a relatively long (10 km), narrow (2 km) band. 

HALOS Rings or arcs that encircle the sun or moon when seen 
through an ice crystal cloud ora sky filled with falling ice crys- 
tals. Halos are produced by refraction of light. 

HAZE Fine dry or wet dust or salt particles dispersed through 
a portion of the atmosphere. Individually these are not visible 
but cumulatively they will diminish visibility. Dry haze par- 
ticles are very small, on the order of 0.1 xm. Wet haze particles 
are loic: . 


A form of energy transferred between systems by virtue | 


$ se temperature differences. / 
CAPACITY The ratio of the heat absorbed (or released) 


bya a system t to the corresponding temperature rise (or fall)... 
“HEAT INDEX an An index that combines air temperature and 
relative humidity to determine an apparent temperature— 


- how hotit TEY, feels. 


Ple! 


used as an 


ato EE-DAY A form of the degree-day 
lex for fuel consu ption, 


HEAT LIGHTNING Distant lightning that illuminates the sky 
buti is too far away for its thunder to be heard. 

HEATSTROKE A physical condition induced by a person’s 
overexposure to high air temperatures, especially when ac- 
companied by high humidity. 


HEILIGENSCHEIN A faint white ring surrounding the shadow” 


ofa 


pþserver s head ona a am y 


I er eth e sto of a artes wa eS 
HIGH. See Anticyclone. 
HIGH INVERSION FOG A fog that lifts above the surface but 


does not completely dissipate because of a strong inversion — 


(usually subsidence) that exists above the fog layer. = 
IMOSPHERE The region of the atmosphe ere below abi 


HOOK-SHAPE ECHO The shape Pano echo on a radar screen 
that indicates the possible presence of a tornado. 
HORSE LATITUDES The belt of latitude at about 30° to 35° 
where winds are predominantly light and weather is hot and 
dry. 

HUMID CONTINENTAL CLIMATE A climate characterized by se- 
vere winters and mild to warm summers with adequate annual 
precipitation. Typically located over large continental areas in 
the Northern Hemisphere between about 40° and 70° latitude. 
HUMIDITY. / 
content. (See Relative humidity.) 

HUMITURE An index that relates air temperature and relative 
humidity to how hot it feels. 

HURRICANE A severe tropical cyclone having winds in excess 
of 64 knots (74 mi/hr). 


É 


m where the composition of the.air rem iris se ony A 


A general term that refers to the air’s water vapor” 
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HURRICANE WARNING A warning given when it is likely thata 
hurricane will strike an area within 24 hours. 

HURRICANE WATCH A hurricane watch indicates that a hur- 
ricane pee a threat to an area (often within several days) and 


£ 
E 
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oceans. 
HYDROPHOBIC The ability to resist the condensation of water 
vapor. Usually used to describe “water-repelling” condensa- 
tion nuclei. 
HYDROSTATIC EQUILIBRIUM The state of the atmosphere 
when there is a balance between the vertical pressure gradient 
force and the downward pull of gravity. 
HYGROMETER n instrument designed to measure the air’s 
TEAN vapor content. The sensing part of the instrument can be 
hair (hair hygrometer), a plate coated with carbon (electrical 
hygrometer), or an infrared sensor (infrared hygrometer). © 
HYGROSCOPIC The ability to accelerate the condensation of 
water vapor. Usually used to describe AA con- 
densation nuclei. 
HYPOTHERMIA The deterioration in one's mental and physi- 
cal condition brought on by a rapid lowering of human body 
-temperature. 
HYPOXIA A condition experienced by humans when the 
brain does not receive sufficient oxygen. 


ICEAGE See Pleistocene epoch. 

ICE CRYSTAL PROCESS A process that produces precipitation. 
The process involves tiny ice crystals in a supercooled cloud 
growing larger at the expense of the surrounding liquid drop- 
lets. Also called the Bergeron-Findeisen process. 

ICEFOG A type of fog composed of tiny suspended ice par- 
ticles that forms at very low temperatures. 

ICELANDIC LOW The subpolar low-pressure area that is cen- 
tered near Iceland on charts that show mean sea level pressure. 
ICENUCLEI Particles that act as nuclei for the formation of ice 
crystals in the atmosphere. 

ICEPELLETS See Sleet. 

INDIAN SUMMER An unseasonably warm spell with clear. 
“skies near the middle of autumn. Usually follows: sa substantial: 


“period of cool weather. 

INFERIOR MIRAGE See Mirage. 

INFRARED RADIATION Electromagnetic radiation with wave- 
lengths between about 0.7 and 1000 pm. This radiation is - 
longer than visible radiation but shorter than microwave ra- 
diation. : 


ear jared sensor. 
i ei 2 solar radiation that reaches they 


he atmosphere; 


A boxlike wooden structure designed 
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INTERGLACIAL PERIOD A time — of relatively mild cli- 
mate during the Ice Age when continental ice sheets were ab- 
sent or limited in extent to Greenland and the Antarctic. 
INTERTROPICAL CONVERGENCE ZONE (ITCZ) The boundary 
zone separating the northeast trade winds of the Northern 
Hemisphere from the E as: trade winds of the Southern 
Hemisphere. i 


IRIDESCENCE SE Brilliant spots or borders of colors, most often 
red and green, observed i in clouds up to about 30° from the sun. 
ISALLOBAR A line of equal change in atmospheric DEG 
- during specified time interval.. 
ISOBAR A line connecting points of equal pressure. 
ISOBARIC SURFACE A surface along which the atmospheric 
pressure is everywhere equal. (See Constant pressure Chart.) 


JETMAXIMUM See Jet streak. 
JET STREAK A region of high wind speed that moves through 
the axis of a jet stream. Also called jet maximum. 

JETSTREAM Relatively strong winds concentrated within a 
narrow band in the atmosphere. i 


EATABATIC (FALL) WIND Any wind blowing downsigpe. ‘Iti is 
usually tek 


KIRCHHOFF'S Law A law thatstates: go od absorbers of a given. 
‘wavelength of radiation are « also goodiemitters:of that wave- 
j length, l i 

ENOT A unit of speed equal to 1 nautical mile per hour. 
1 knot equals 1.15 mi/hr. 

KOPPEN CLASSIFICATION SYSTEM - A system for classifying cli- 
mates developed by W. Köppen thatis based mainly on annual 
and monthly averages of temperature and precipitation. 


LAKE BREEZE A wind blowing aie from the sures of a 
lake. : 


LAKE-EFFECT SNOWS Localized snowstorms that form on the. 


downwind side of a lake. Such storms are common in late fall 
and early winter near the Great Lakes as cold, dry air picks up 
moisture and warmth from the unfrozen bodies of water. 
LAMINAR FLOW A nonturbulent flow in which the fluid 
moves smoothly in parallel layers or sheets. 

LAND BREEZE A coastal breeze that blows from land to sea, 
usually at night. 

LANINA A condition where the central Md eastern tropical 
Pacific c Ocran tums cooler iian neiii, 


LARGE NUCLEI See Condensation nuclei. 
-LATENTHEAT The heat thatis either released or absorbed bya A 
` unit mass of a substance when it undergoes a change of state; 


ya 
such as during evaporation, condensation, or sublimation. 


LEESIDE LOW Storm systems (extratropical cyclones) that 
form on the downwind (lee) side of a mountain chain. In the 
United States leeside lows frequently form on the eastern side 
of the Rockies and Sierra Nevada. 
LENTICULAR CLOUD A cloud in the shape ofa e 
LIDAR An instrument that uses a laser to generate intense 
pulses that are reflected from atmospheric particles of dust 
and smoke. Lidars have been used to determine the amount of 
particles in the atmosphere as well as particle movement that 
has been converted into wind SEES Lidar means light detec- 
tion and ranging. 
LIFTING CONDENSATION LEVEL (LCL) The level at which a par- 
cel of air when lifted dry adiabatically would become satu- 
rated. 
LIGHTNING A visible electrical discharge produced by thun- 
derstorms. 
LITTLEICEAGE The period from about 1550 to 1850 when av- 
erage global temperatures were lower, and alpine glaciers in- 
creased in size and advanced down mountain canyons. 
LOCALWINDS Winds that tend to blow over a relatively small 
area; often due to regional effects, such as mountain barriers, 
large bodies of:water, local pressure differences, and other in- 
fluences. 
LONGWAVE RADIATION A term most often used to paid 
the infrared energy emitted by the earth and the atmosphere. 
LONGWAVES IN THE WESTERLIES A wave in the major belt oF 
westerlies characterized by a long length (thousands of kilo- 
meters) and significant amplitude. Also called Rossby waves. 
LOW See Extratropical cyclone. 
LOW-LEVEL JETSTREAMS Jet streams that typically form near 
the earth’s surface below an altitude of about 2 km and usually 
attain speeds of less than 60 knots. 


MACROBURST A strong downdraft (downburst) greater than 


- 4 km wide that can occur beneath thunderstorms. A down- 


burst less than 4 km across is called a microburst. 


MACROCLIMATE The general climate of a large area, such as a 
country. 
MACROSCALE The normal meteorological synoptic scale for 
obtaining weather information. It can cover an area ranging 
from the size of a continent to the entire globe. 
MAGNETIC STORM A worldwide disturbance of the earth's 
magnetic field caused by solar disturbances. 
MAGNETOSPHERE The region around the earth in which the 
earth's magnetic field plays a dominant part in controlling the 
physical processes that take place. 
MAMMATUS CLOUDS Clouds that look like pouches hanging 
from the underside of a cloud. 
MARINE CLIMATE A climate controlled largely by the ocean. 
The ocean's influence keep winters relatively mild and sum- 
mers cool. 
MARITIME AIR Moist air whose characteristics were de- 
veloped over an extensive body of water. 
MARITIME POLAR AIR MASS An air mass characterized by low 
temperatures and high humidity. 
, MARITIME TROPICAL AIR MASS. An air mass characterized by 
high temperatures and high humidity. 
MATURE THUNDERSTORM The second stage in the three-stage 
cycle of an air-mass thunderstorm. This stage is characterized 
by heavy showers, lightning, thunder, and violent vertical mo- 
tions inside cumulonimbus clouds. 
+ MAUNDER MINIMUM A period from about 1645 to 1715 when 
few, if any, sunspots were obse ved. 


Sa, 


` 


z JRE The average temperatureat any” 
sr the > entire eee 
rage of the highest and 


; MECHANICAL “TURBULENCE Turbulent tty motions caused 
by obstructions, such as trees, buildings, mountains, and 
so on. 

MEDITERRANEAN CLIMATE See Dry-summer subtropical 
climate. 
MERIDIONAL FLOW A type of atmospheric circulation pattern 
in which the north-south component of the wind is pro- 
nounced. 

MESOCLIMATE The climate of an area ranging in size from a 
few acres to several square kilometers. 

MESOCYCLONE A vertical column of cyclonically rotating air 
within a severe thunderstorm. 

MESOHIGH A relatively small area of high atmospheric pres- 
sure that forms beneath a thunderstorm. 

MESOPAUSE The top of the mesosphere. The boundary be- 
tween the mesosphere and the thermosphere, iS near 
85 km. 

MESOSCALE The scale of meteorological phenomena that 
range in size from a few km to about 100 km. It includes local 
winds, thunderstorms, and tornadoes. 
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MESOSCALE CONVECTIVE COMPLEX (MCC) A large organized 
convective weather system comprised of a number of individ- 
ual thunderstorms. The size of an MCC can be 1000 times 
larger ans an ee air-mass Tb SEL y 


be TOS and 80 k oe Ree os 
METEOROLOGY The study of the atmosphere and atmo- 
spheric phenomena as well as the atmosphere's interaction 
with the earth's surface, oceans, and life in general. 
MICROBURST A strong localized downdraft (downburst) less 
than 4 km wide that occurs beneath thunderstorms. A strong 
downburst greater than 4 km across is called a macroburst. 
MICROCLIMATE The climate structure of the air space near 
the surface of the earth. 


MIC oo (um) Awit of Grii equal to one-millionthiof / 
:a meter 


MICROSCALE The ies! scale of atmospheric motions. 
MIDDLE LATITUDES The region of the world typically de- 
scribed as being between 30° and 50° latitude. 
MIDDLELATITUDE CYCLONES See Extratropical cyclone. 
MILANKOVITCH THEORY A theory proposed by Milutin 
Milankovitch in the 1930s suggesting that changes in the 
earth's orbit were responsible for climatic changes and the ice 


RAGE A refraction phenomenon that makes an object ap- 
pear tobe displaced. from its true position. ‘When an object ap- 
pears higher than it actually i is, it is called a superior mirage. 
When an object appears lower than it actually is, it is an in~ 
ferior mirage. 

MIXED CLOUD A cloud containing both water drops and ice 
crystals. 

MIXING DEPTH The unstable atmospheric layer that extends 
from the surface up to the base of an inversion. Within this 
layer the air is well stirred. 

MIXING | RATIO The ratio of the mass of water vapor in a given 
volume of air to the mass of dry air. / 

MOIST ADIABATICRATE Therate of change of temperature ina 
rising or descending saturated air parcel. The rate of cooling or 
warming varies but a common value of 6°C per 1000 m (3.3°F 
per 1000 ft) is used. 

MOIST ADIABATS Lines on an adiabatic chart that show the 
moist adiabatic rate for rising and descending air. 

MOLECULAR VISCOSITY The small-scale internal fluid friction 
that is due to the random motion of the molecules within a 
smooth-flowing fluid, such as air. 

MOLECULE A collection of atoms held together by chemical 
forces. l 
MONSOON DEPRESSIONS Weak low-pressure areas that tend 


558 GLOSSARY 


to form in response to divergence in an upper-level jet stream. 
The circulation around the low strengthens the monsoon wind 
system and enhances precipitation during the summer. 
MONSOON WIND SYSTEM A wind system that reverses direc- 
tion between winter and summer. Usually the wind blows 
from land to sea in winter and from sea to land in summer. 
MOUNTAIN AND VALLEY BREEZE A local wind system of a 
mountain valley that blows downhill (mountain breeze) at 
night and uphill (valley breeze) during the day. 

MULTICELL STORMS Thunderstorms in a line, each of which 
may be in a different stage of development. | 


NACREOUS CLOUDS Clouds of unknown composition that 
have a soft, pearly luster and that form at altitudes about 25 to 
30 km above the earth’s surface. They : are also called mother- 
of- pearl clouds. : l 

NEBULA A cloud of interstellar gas and dust. 


NEGATIVE FEEDBACK MECHANISM See Feedback mechanism. 


NEUTRAL STABILITY (NEUTRALLY STABLE AIR) An atmospheric 
condition that exists in dry air when the environmental lapse 
rate equals the dry adiabatic rate. In saturated air the environ- 
mental lapse rate equals the moist adiabatic rate. 


“NIMBOSTRATUS A dark, gray cloud characterized by more or 
` less continuously falling precipitation. It is not accompanied 


by lightning, thunder, or hail. 

NOCTILUCENT CLOUDS Wavy, thin, bluish-white clouds that 
are best seen at twilight in polar latitudes. They form at al- 
titudes about 80 to 90 km above the surface. 

NOCTURNAL INVERSION See Radiation inversion. 
NORTHEASTER A name given to a strong, steady wind from 
the northeast that is accompanied by rain and inclement 
weather. It often develops when a storm system moves north- 
eastward along the coast of North America. 
NORTHERNLIGHTS See Aurora. 

NOWCASTING Short-term weather forecasts varying from 


‘minutes up to a few hours. 


NUCLEAR FUSION The combination of the nuclei of. light 
atoms to form heavier nuclei, with the release of energy. 
NUCLEAR WINTER The dark, cold, and gloomy conditions that 
presumably would be brought on by nuclear war. | 
NUCLEATION Any process in which the phase change of a 
substance to a more condensed state (such as condensation, 
deposition, and freezing) is initiated about a particle (nucleus) 
or at a certain locus. 


- NUMERICAL WEATHER PREDICTION (NWP) Forecasting the 


weather based upon the solutions of mathematical guig 
by high-speed computers. 


` OBLIQUITY (OF THE EARTH'S AXIS) The tilt of the earth’s axis. It 


represents the angle from the perpendicular to the plane of the 
earth’s orbit. 

OCCLUDED FRONT (OCCLUSION) A complex PAE system 
that ideally forms when a cold front overtakes a warm front. 
When the air behind the front is colder than the air ahead of it, 


the front is called a cold occlusion. When the air behind the 
front is milder than the air ahead of it, it is calleda warm oc- 
clusion. 
OCEANIC FRONT A boundary that separates masses of water 
with different temperatures and densities. 
OFFSHORE WIND A breeze that blows from the land out over 
the water. Opposite of an onshore wind. 
OMEGAHIGH Aridge inthe middle orupper troposphere that 
has the shape of a Greek letter omega (6). 
ONSHORE WIND A breeze that blows from the water onto the 
land. Opposite ofe an ghon wind. 

ARD HEATER: saters placed in orchards that gener 

mnvective e circulations to proiect tra 

ow te ed 


peratures. Also cal 


<<. : : 
OROGRAPHIC UPLIFT = The lifting of air over a topographic bar- 
rier. Clouds that form in this lifting process are called oro- 


graphic clouds. 
7 e of gases dissolved in hot, molten 


OVERRUNNING A condition that occurs when air moves up 
and over UB: layon of air. 


An almost colorless gaseous form of oxygen with ~ 
ar to weak chlorine. The SEM natural concen-/ 


PARHELIA See Sundog. 
PERMAFROST A layer of soil beneath the earth’s surface that 
remains frozen throughout the year. - 


“PERSISTENCE FORECAST A forecast that the future neath 


condition will be the same as the present condition. 
PHOTOCHEMICAL SMOG See Smog. 
PHOTODISSOCIATION The splitting of a molecule by a 


_ photon. 


PHOTON A discrete quantity of energy that can be thought of 
as a packet of electromagnetic radiation traveling at the speed | 
of light. 

PHOTOSPHERE The visible surface of the sun from which 
most of its energy is emitted. 

PILEUS CLOUD A smooth cloud in the form of a cap. Occurs 
above, or is attached to, the top of a cumuliform cloud. 
PLANETARY SCALE The largest scale of atmospheric motion. 
Sometimes called the global scale. 

PLASMA See Solar wind. 

PLATE TECTONICS The theory that the earth’s sad down to 
about 100 km is divided into a number of plates that move rel- 
ative to one another across the surface of the earth. Once re- 
ferred to as continental drift. 

PLEISTOCENE EPOCH (OR ICE AGE) The most recent period of 
extensive continental glaciation that saw large portions of 


North America and Europe covered with ice. It began about 
2 million years ago and ended about 10,000 years ago. 

POLAR EASTERLIES A shallow body of easterly winds located 
at high latitudes poleward of the subpolar low. 

POLAR FRONT A semipermanent, semicontinuous front that 
separates tropical air masses from polar air masses. 

POLAR FRONT JET STREAM The jet stream that is associated 
with the polar front in middle and high latitudes. It is usually 
located at altitudes between 9 and 12 km. 
POLARFRONTTHEORY A theory developed bya group of Scan- 
dinavian meteorologists that explains the formation, develop- 
ment, and overall life history of cyclonic storms that form 
along the polar front. 

POLAR ICE CAP CLIMATE A climate characterized by extreme 
cold, as every month has an average temperature below 
freezing. 

POLAR ORBITING SATELLITE A satellite whose orbit closely 
parallels the earth’s meridian lines and thus crosses the polar 
regions on each orbit. . 
POLAR TUNDRA CLIMATE A climate characterized by ex- 
tremely cold winters and cool summers, as the average tem- 
perature of the warmest month climbs above freezing but re- 
mains below toit TE) 


POSITIVE FEEDBACK MECHANISM aoe Feedback ice thea 


POSITIVE VORTICITY ADVECTION (PVA) A region of positive 
vorticity usually several hundred kilometers wide on a upper- 
level chart that moves with the general wind flow. It aids in 
weather prediction by showing where regions of rising air, 
clouds, and storms are likely to form. 


‘POTENTIAL ENERGY The energy that a body possesses by vir- 
tue e of i its position with respect to other bodies in the field of ~ 
“gravity. i 


POTENTIAL EVAPOTRANSPIRATION (PE) Thatamount of mois- 
ture that, if it were available, would be removed from a given 
land area by evaporation and transpiration. 

POTENTIAL TEMPERATURE The temperature that a parcel of 
dry air would have if it were brought dry adiabatically from its 
original position to a pressure of 1000 mb. 

PRECESSION (OF THE EARTH'S AXIS OF ROTATION) The wobble 
of the earth’s axis of rotation that traces out the path of a cone 
over a period of about 23,000 years. 

PRECIPITATION Any form of water oo Sete Sel or 
solid—that falls from the atmosphere and reaches the ground. 
P/E INDEX (PRECIPITATION-EVAPORATION INDEX) An index 
that gives the long-range effectiveness of precipitation in 
promoting plant growth. 
P/E RATIO (PRECIPITATION-EVAPORATION RATIO) An expres- 
sion devised for the purpose of classifying climates; based on 
monthly totals of precipitation and evaporation. 

PRESSURE GRADIENT The rate of decrease of pressure per unit 
of horizontal distance. On the same chart, when the isobars are 
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close together, the pressure gradient is steep. When the isobars 
are far apart, the pressure gradient is weak. 

PRESSURE GRADIENT FORCE The force due to differences in 
pressure within the atmosphere that causes air to move and, 
hence, the wind to blow. It is directly proportional to the pres- 
sure gradient. 

PRESSURE TENDENCY The rate of change of atmospheric pres- 
sure within a specified period of time, most often three hours. 
Same as barometric tendency. 

PREVAILING WESTERLIES The dominant westerly winds that 
blow in middle latitudes on the poleward side of the subtropi- 
cal high-pressure areas. Also called westerlies. 

PREVAILING WIND The wind direction most frequently ob- 
served during a given period. 

PROBABILITY FORECAST A forecast of the probability of oc- 
currence of one or more of a mutually exclusive set of weather 
conditions. 

PROGNOSTIC CHART (PROG) .A chart shaving expected or 
forecasted conditions, such as pressure patterns, frontal posi- 
tions, contour height patterns, and so on. 

PROMINENCE See Solar flare. 


“PSYCHRO. ETER An instrument used to measure the water ~ 
- vapor content of the air. It consists of two thermometers (dty _ 


bulb and wet bulb). After whirling the instrument, the: dew” 
point and relative humidity can be obtained with the aid of 


tables. 7 


RADAR An electronic instrument used to detect objects (such 
as falling precipitation) by their ability to reflect and scatter 
microwaves back to a receiver. 

RADIANT ENERGY (RADIATION) Energy propagated in the 
form of electromagnetic waves. These waves do not need mol- 
ecules to propagate them, and ina vacuum they travel at nearly 
Snes a fs Pee sec. 


RADIATION FOG Fog Cragen over fpd when ia 
cooling reduces the air temperature to or below its dew point. 
Itis E peel as See fog. and valley fog. 


RADIATIVE EQUILIBRIUM TEMPERATURE The temperature 
achieved when an object, behaving as a black body, is absorb- 
ing and emitting radiation at equal rates. 

RADIOMETER See Infrared d radiometer. 


RAIN tre in the form of liquid water drops that 
have diameters greater than that of drizzle. 
An arc of concentric colored bands that spans a . 
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section of the sky when rain is present and the sun is posi 
tioned at the observer’s back. 

RAINGAUGE An instrument ¿batas to measure the amount 
of rain that falls during a given time interval. 

RAIN SHADOW - The region on the leeside of a mountain where 
the precipitation is noticeably less than on the windward side. 
RAWINSONDE OBSERVATION A radiosonde observation that 
includes wind data. 

REFLECTION The process whereby a surface turns picks a por- 
tion of the radiation that strikes it, . 
REFRACTION — The bending of light as it passes from one 
‘medium to another. © 

RELATIVE HUMIDITY The ratio of the amount of water vapor - 
actually in the air compared to the amount of water vapor 

air can hold at that particular temperature and pressure. The 
ratio of the air’s actual vapor pressure! to its saturation vapor 
pressure. j ; 

RETURN STROKE The luminous lightning stroke that propa- 
gates upward from the earth to the base of a cloud. 

RIDGE An elongated area of high atmospheric pressure. 
RIMEICE A white, granular deposit of ice formed by the freez- 
ing of water drops when they come in contact with an salie 
RIMING See Accretion. 

ROLLCLOUD A dense, roll-shaped thie attached to the lower 
front part of the main cloud. It often forms with thunderstorms 
along the leading edge of a gust front. Also called an arcus 
cloud. 

ROSSBY WAVES Bee BoRewaiiee i in the westerlies. 

ROTOR CLOUD A turbulent cumuliform type of cloud that 
forms on the leeward side of large mountain ranges. The air in 
the cloud rotates about an axis parallel to the range. 

ROTORS Turbulent eddies that form downwind of a moun- 
tain chain, creating hazardous flying conditions. 


SAPFIR-SIMPSON SCALE A scale relating a hurricane’s central 
pressure and winds to the possible gcse it is | capable of 
inflicting. 

ST. ELMO'S FIRE A bright electric gi Maarge that is projected 
from objects (usually pointed) when they are in a strong elec- 
tric field, such as during a thunderstorm. 


‘ SALTATION The bouncing movement of sand and small par- 


ticles along the surface due to the wind. 


SAND DUNES A hill or ridge of loose sand shaped by the 


: winds. 


SANTAANAWIND A warm, dry wind that blows into southern 


- California from the east off the elevated desert plateau. Its - 


warmth i is pence from compressional heating. 


SATURATION VAPOR PRESSURE The maximum amount of 
water vapor necessary to keep moist air in equilibrium with a. 
"surface of pure water or ice. It ee the maximum 


“SCINTILLATION. 
light passing t 
‘atmosphere. ; 


amount of water vapor that the air can hold at any given tem- 


perature and pressure. (See Equilibrium vapor pressure.) 
SAVANNA A tropical or subtropical region of grassland and 
drought-resistant vegetation. Typically found in tropical wet- 
and-dry climates. 


` SCALES OF MOTION The hierarchy of atmospheric circula- 
tions from tiny gusts to giant storms. 


SCATTERING The process by which small particles in the at- 
mosphere deflect radiation from its path into different di- 
rections. . 

The apparent twinkling of a star due to its. 
hrough regions of differing air densities in the - 


SEA BREEZE A coastal local wind that blows from the ocean 
onto the land. The leading edge of the breeze is termed a sea 
breeze front. 
SEA BREEZE CONVERGENCE ZONE A aie where sea breezes, 
having started in different regions, flow together and converge. 
SEA LEVEL PRESSURE The atmospheric pressure at mean sea 
level. 
SEICHES Standing waves s that oscillate back and forth over an 
open body of water. 
SELECTIVE ABSORBERS Substances such as water vapor, car- 
bon dioxide, clouds, and snow that absorb radiation only at 
particular wavelengths. 
SEMI-ARID CLIMATE A dry climate where potential evapora- 
tion and transpiration exceed precipitation. Not as dry as the 
arid climate. Typical vegetation is short grass. 
SEMIPERMANENT HIGHS AND LOWS Areas of high pressure 
(anticyclones) and low pressure (extratropical cyclones) that 
tend to persist at a particular latitude belt throughout the year. 
In the Northern Hemisphere, typically they shift slightly 
northward in summer and slightly southward in winter. 
SENSIBLE TEMPERATURE - The sensation of | temperature that 
> human body feels in contrast to the the actual temperature of | 
the environment as measured with a thermometer. + . 
SEVERE THUNDERSTORMS Intense thunderstorms capable of 
producing heavy showers, flash floods, hail, strong and gusty 
surface winds, and tornadoes. 
SFERICS Radio waves produced by lightning. A contraction 
of atmospherics. 
SHEAR See Wind shear. 
SHEETLIGHTNING A fairly bright lightning flash from distant 
thunderstorms that illuminates a portion of the cloud. 
SHELTERBELT A belt of trees or shrubs arranged as a protec- 
tion against strong winds. 
SHORTWAVE (IN THE ATMOSPHERE) A small wave that moves 
around longwaves in the same direction as the air flow in the 
middle and upper troposphere. Shortwaves are also called 
shortwave troughs. -- 
SHORTWAVE RADIATION A term most often used to describe 
‘the radiant energy en emitted from the sun, in the visible and near 


ultraviolet wavelengths. 


SHOWER Intermittent precipitation from a cumuliform 
cloud, usually of short duration but often heavy. 

SIBERIAN HIGH A strong, shallow area of high pressure that 
forms over Siberia in winter. 

SLEET A type of precipitation consisting of transparent pel- 
lets of ice 5 mm or less in diameter. Same as ice pellets. 
SMOG Originally smog meant a mixture of smoke and fog. 
Today, smog means air that has restricted visibility due to pol- 
lution, or pollution formed in the presence of sunlight— 
photochemical smog. | 

SMOG FRONT (ALSO SMOKE FRONT) The leading edge of a sea 
breeze that is contaminated with smoke or pollutants. | 
SMUDGE POTS See Orchard heaters. 

snow A solid form of precipitation composed of ice crystals 
in complex hexagonal form. 
SNOWFLAKE An aggregate of ice crystals that falls from a 
cloud. 

SNOW FLURRIES Light showers of snow that fall intermit- 
tently. 

SNOW GRAINS Precipitation i in the form of very small, opaque 
grains of ice. The solid equivalent of drizzle. 

SNOW PELLETS White, opaque, approximately round ice par- 
ticles between 2 and 5 mm in diameter that form in a cloud 
either from the sticking together of ice crystals or from the pro- 
cess of accretion. 

SNOW ROLLERS A cylindrical spiral of snow shaped some- 
what like a child’s muff and produced by the wind. 

SNOW SQUALL (SHOWER) An intermittent heavy shower of 
snow that greatly reduces visibility. 


TANT et in a 


an 


TES FLARE A oath eruption from the sun’s surface that 
emits high energy radiation and energized charged particles. 
SOLAR WIND An outflow of charged particles from the sun 
that escapes the sun’s outer atmosphere at high speed. 
SOLUTEEFFECT The dissolving of hygroscopic particles, such 
as salt, in pure water, thus reducing the relative humidity re- 
quired for the onset of condensation. 

SONIC BOOM A loud explosive-like sound caused by a shock 
wave eminating from an aircraft (or any object) traveling at or 
above the speed of sound. 

SOUNDING An upper-air observation, such as a radiosonde 
observation. A vertical profile of an atmospheric variable such 
as temperature or winds. 

SOURCE REGIONS Regions where air masses originate and ac- 
quire their properties of temperature and moisture. 
SOUTHERN OSCILLATION . The reversal of surface air pressure 
at opposite ends of the tropical Pacific Ocean that occur during 
major El Nino events. 


- 
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SPECIFIC HEAT The ratio of the heat absorbed (or released) by” 
the unit mass of the system to the corresponding temperature’ 
rise (or fall)’ 

SPECIFIC HUMIDITY — The ratio of the mass of water vapor in'a 


Riven parcel to the total mass of air in the parcel. 


SPONTANEOUS (HOMOGENEOUS) NUCLEATION (FREEZING) The 
freezing of pure water without the benefit of any nuclei. 
SQUALL LINE Any nonfrontal line or band of active thunder- 
storms. 

STABLE AIR See Absolutely stable air. 

STANDARD ATMOSPHERE A hypothetical vertical distribution 
of atmospheric temperature, pressure, and density in which 
the air is assumed to obey the gas law and the hydrostatic 
equation. The lapse rate of temperature in the troposphere is 
pea as 6. Sites m or 3. vi Bsa ied 


STATIONARY FRONT A front that is nearly a with 
winds blowing almost parallel and from opposite directions 
on each side of the front. 

STATION PRESSURE The actual air pressure po at the 
observing station. 

STEADY-STATE FORECAST A weather prediction based on the 
past movement of surface weather systems. It assumes that the 
systems will move in the same direction and at approximately 
the same speed as they have been moving. Also called trend 
forecasting. 

STEAMFOG See Evaporation (mixing) fog. 

STEPPE An area of grass-covered, treeless plains that has a - 
semi-arid climate. 

STEPPED LEADER .An initial disdhiange of electrons that pro- 
ceeds intermittently toward the ground in a series of steps ina 
cloud-to-ground lightning stroke. 

STORM SURGE An abnormal rise of the sea along a shore; 
primarily due to the winds of a storm, especially a hurricane. 
STRATOCUMULUS A low cloud, predominantly stratiform, 
with low, lumpy, rounded masses, often with blue sky be- 
tween them. 


STRATOSPHERIC. POLAR NIGHT JET A jet stream that forms 
near the top of the stratosphere over polar latitudes during the 
winter months. 

stratus A low, gray cloud layer with a rather uniform base 
whose precipitation is most commonly drizzle. 
STREAMLINE A line yH shows the wind flow pa 


SUBPOLAR CLIMATE A emi Sbata in the Northern 
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Hemisphere that borders the polar climate. It is characterized 
by severely cold winters and short, cool summers. Also known 
as taiga climate and boreal climate. 
SUBPOLAR LOW A belt of low pressure located penen 50° 
and 70° latitude. In the Northern Hemisphere, this “belt” con- 
sists of the Aleutian low in the North Pacific and the Icelandic 
low in the North Atlantic. In the Southern Hemisphere, it 
exists around the periphery of the Antarctic continent. 
SUBSIDENCE The slow sinking of air, pruni associated with 
high-pressure areas. 
SUBSIDENCE INVERSION A temperature inversion produced 
by compressional warming—the adiabatic warming of a layer 
of sinking air. 
SUBTROPICAL FRONT A zone of temperature transition in the 
upper troposphere over subtropical latitudes, where warm air 
carried poleward by the Hadley ou meets the cooler air of the 
middle latitudes. 


SUBTROPICALHIGH A semipermanent high in the fabironical - 


high-pressure belt centered near 30° latitude. The Bermuda 
high is located over the Atlantic Ocean off the east coast of 
North America. The Pacific high is located off the west coast of 
North America. 

SUBTROPICAL JETSTREAM ‘The jet stream typically found be- 
tween 20° and 30° latitude at altitudes between 12 and 14 km. 
SUCTION VORTICES Small, rapidly rotating whirls perhaps 
10 m in diameter that are found within large tornadoes. 


oc a re 


Also called parheli 


aon pa A vertical streak of light extending a (or. 
` below) | e sun. It is produced by the rellsetion of sunlight off 


ice crystals. 


sunspots Relatively cooler areas on ls sun's surface. They © 


represent regions of an extremely high magnetic field. 
SUPERCELL STORM An enormous severe thunderstorm whose 
updrafts and downdrafts are nearly in balance, allowing it to 
maintain itself for several hours. It can BEC eUce large hail and 
tornadoes. 
SUPERCOOLED CLOUD (OR CLOUD DROPLETS) A dond com- 
posed of liquid droplets at temperatures below 0°C (32°F). 
When the cloud is on the gure itis called supercooled fog or 
cold fog. 

‘SUPERIOR MIRAGE See Mirage. 
SUPERNOVA A tremendous explosion of a massive star. 
SUPERSATURATED AIR A condition that occurs in the atmo- 
‘sphere when the relative humidity is greater than 100 percent. 
SURFACE INVERSION See Radiation inversion. 

. SYNOPTIC SCALE The typical weather map scale that ome 
features such as high- and low-pressure areas and fronts overa 
distance spanning a continent. Also called the cyclonic scale. 


light through ice crystals that pena on either side of the sun... 


TAIGA (BOREAL FOREST) The open northern part of the co- 

niferous forest. Taiga also refers to subpolar climate. 

TANGENT ARC ¿An arc of light tangent to a halo. It forms by re~ 
- fraction of light through ice crystals. . 


` TCU An abbreviation sometimes used to denote a towering 


cumulus cloud 


TERMINALVELOCITY Theconstant speed obtained by a falling 
object when the upward drag on the object balances the down- 
ward force of gravity.. 
TEXASNORTHER A strong, cold wind from between the honis 
east and northwestassociated with a cold outbreak of polar air 
that brings a suddensdrop in temperature. Sometimes called a 
blue norther. 
THEODOLITE Aninstrument used to track the movements of a 
pilot balloon. 
THERMAL A small, rising parcel of warm air produced when - 
as earth’ s surface is heated unevenly. — 
THERMA ntal zone es of ve station found along 
si des that are p rimarily the e 


AS orizo 


THERMAL CIRCULATIONS Air flow resulting mala from 
the heating and cooling of air. 

THERMAL LOWS AND THERMAL HIGHS Areas of low and high 
pressure that are shallow in vertical extent and are produced 
primarily by surface temperatures. 


THERMAL TURBULENCE Turbulent ei motions that result 

‘| from surface heating and the subsequent rising and sinking of 
air. 

THERMISTOR An electrical resistance device used in the mea- 

_ surement of temperature. 


THUNDER The sound due to rapidly expanding gases along 
the channel of a lightning discharge. 

THUNDERSTORM A local storm produced by cumulonimbus 
clouds. Always accompanied by lightning and thunder. 
TORNADO An intense, rotating column of air that protrudes 
from a cumulonimbus cloud in the shape of a funnel or a rope 
and touches the ground. (See Funnel cloud.) 

TORNADO OUTBREAK A series of tornadoes that forms within 
a particular region—a region that may include several states. 
Often associated with widespread damage and destruction. 
TORNADO VORTEX SIGNATURE (TVS) An image of a tornado on 


the Doppler radar screen that shows up as a small region of 
rapidly changing wind speeds inside a mesocyclone. 
TORNADO WARNING A warning issued when a tornado has 
actually been observed either visually or on a radar screen. It is 
also issued when the formation of tornadoes is imminent. 
TORNADO WATCH A forecast issued to alert the public that 
tornadoes may develop within a specified area. 

TRACE (OF PRECIPITATION) An amount of precipitation less 
than 0.01 inch (0.025 cm). l 
TRADE WIND INVERSION A temperature inversion frequently 
found in the subtropics over the eastern portions of the tropi- 
cal oceans. 

TRADE WINDS The winds that occupy most of the tropics and 
blow from the subtropical highs to the-equatorial low. 
TRANSPIRATION The process by which water in plants is 
‘transferred as water vapor to the atmosphere. 

TROPICAL DEPRESSION A mass of thunderstorms and clouds 
generally with a cyclonic wind circulation of between 20 and 
34 knots. 

TROPICAL DISTURBANCE An organized: mass of thunder- 
storms with a slight cyclonic wind circulation of less than 20 
knots. 

TROPICAL EASTERLY JET A jet stream that forms on the 
equatorward side of the subtropical highs near 15 km. 
TROPICAL MONSOON CLIMATE A tropical climate with a brief 
dry period of perhaps one or two months. 

TROPICAL RAIN FOREST A type of forest consisting mainly of 
lofty trees and a dense undergrowth near the ground. 
TROPICAL STORM Organized thunderstorms with a cyclonic 
wind circulation between 35 and 64 knots. 

TROPICAL WET-AND-DRY CLIMATE A tropical climate pole- 
ward of the tropical wet climate where a distinct dry season 
occurs, often lasting for two months or more. 

TROPICAL WET CLIMATE A tropical climate with sufficient 
ree to ¿E a ane tropical rain forest. 


"he bound 


TROPOPAUSE JETS Jet streams found near the tropopause, 
such: as ai KLAE: front and do e LEE streams. . 
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TROUGH An elongated area of low atmospheric pressure. 
TURBOCLAIR' A fog-clearing technique that uses hot gases 
from jet engines to heat the air and evaporate warm fog. 
TURBULENCE Any irregular or disturbed flow in the atmo- 
sphere that produces gusts and eddies. 

TWILIGI 
ql before sunrise and at the end of the day after sunset when the 
is sky remains illuminated. 


TYPHOON A hurricane that forms in the western Pacific 
Ocean. 


ndary betw een'the tro oposphere and: the y 


The time at the beginning of the day immediately. 
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‘ULTRAVIOLET RADIATION Electromagnetic radiation. with" 


wavelengths longer than X-rays but shorter than visible Tight. 


‘UNSTABLE AIR See Absolutely unstable air. 


UPSLOPE FOG Fog formed as moist, stable air flows upward 
over a topographic barrier. 

UPSLOPE PRECIPITATION Precipitation that forms due to 
moist, stable air gradually rising along an elevated plain. Up- 
slope precipitation is common over the western Great Plains, 
especially east of the Rocky Mountains. 

UPWELLING Therising of water (usually cold) toward the sur- 
face from the deeper regions of a body of water. 

URBAN HEATISLAND The increased air temperatures in urban 
areas as contrasted to the cooler surrounding rural areas. 


VALLEY BREEZE See Mountain breeze. 

VALLEY FOG See Radiation fog. 

VAPOR PRESSURE The pressure exerted by the water vapor 
molecules in a given volume of air. 

VEERING WIND The wind that changes direction in a 
clockwise sense—north to northeast to east, and so on. 


_VENTIFACT A rock that has been cut, shaped or faceted by 


wind- oh ey Te 


VIRGA Precipitation that falls from acloud but evaporates be- 
fore reaching the ground. (See Fall streaks.) . 

viscosity The resistance of fluid flow. See Molecular viscos- 
ity and Eddy viscosity. 

VISIBLE RADIATION (LIGHT) Radiation with a wavelength be- 
tween 0.4 and 0.7 micrometers. 

VISIBILITY The greatest distance an observer can see and 
identify prominent objects. 

vorticity A measure of the spin of a fluid, usually small air 
parcels. Absolute vorticity is the combined vorticity due to the 
earth’s rotation and the vorticity due to the air’s circulation 
relative to the earth. Relative vorticity is due to the curving of 
the air flow and wind shear. 


WALL CLOUD An area of rotating clouds that extends beneath 
a severe thunderstorm and from which a funnel cloud may ap- 
pear. Also called a collar cloud. 

WARM CLOUDS Clouds that form at temperatures above 
freezing. 

WARM-CORE LOW A low-pressure area that is warmer at its 
center than at its periphery. Tropical silanes exhibit this 
temperature pattern. 

WARM FRONT A front that moves in such a way that warm air 
replaces cold air. 

WARM OCCLUSION See Occluded front. 

WARMSECTOR The region of warm air within a wave cyclone 
that lies between a retreating warm front and an advancing 
cold front. 
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WATER EQUIVALENT The depth of water that would result 


from the melting of a snow sample. Typically about 10 inches 
of snow will melt to 1 inch of water, producing a water equiva- 
lent of 10 to 1. 

WATERSPOUT A column of rotating wind over water that has 
characteristics ofa dust da and tornado. 


WAVE CYCLONE An extratropical cyclone that forms and 
moves along a front. The circulation of winds about the cy- 
Spas fonds i to o a wavelike deformation on the front... 

c 7 aj be ween “successive resta) 


WEATHER The one of the atitosphere at any particular 
time and place. 

WEATHER ELEMENTS: The elements of air ser See air 
pressure, humidity, clouds, precipitation, visibility, and 
wind that determine the present state pl the atmosphere, the 
weather. 

WEATHER TYPES Certain weather patterns categorized into 
similar groups. Used as an aid in weather prediction. 
WET-BULB DEPRESSION The difference in degrees between the 


air temperature’ (dry-bulb oa) and fo wet-bulb : 


temperature. 


WET-BULB TEMPERATURE | The lowest temperature that can be 
obtaine y evaporating water into di air. 


WETHAZE See Haze. 
WHIRLWINDS See Dust devils. 
WIND Airi in n motion E to the earth's surface. 


WIND DIRECTION The direction from which the wind is 


A Doppler eaten capable of measuring the 


` turbulent eddies that move with the wind. Because of this, it is 


able to provide a vertical picture of wind speed and wind 
direction. 

WIND ROSE A diagram that shows the percent of time that the 
wind blows from different directions at a given location over a 
given time. 

WIND SHEAR The rate of change of wind speed or wind direc- 


tion overa given distance. 


WINDSOCK A tapered fabricshaped like a cone that indicates 


„wind direction by pointing away from the wind. Also called a 


wind cone. 
WIND VANE Aninstrument used to indiehie wind direction. 
WINDWARD SIDE | The side of an object facing into the wind. 
WIND WAVES Water waves that form due to the flow of air over 
the water’s surface. 
WINTER CHILLING The amount of time the air temperature 
during the winter must remain below a certain value so that 
fruit and nut trees will grow properly during the spring and 
summer. 
R mber 22 in the North=* * 

est in the sky and directly + 

opic of Capricorn. » 


XEROPHYTES Drought-resistant vegetation. 

| 
ZONAL WIND FLOW A wind that has a predominate west-to- 
east component. 


A a 
Absolute humidity, 135-136 
Absolute instability, 193 
Absolute stability, 191 
Absolute temperature scale, 28 
Absolute vorticity, 369 
Absolute zero, 28 
Accretion, 221 
Acid deposition, 498-501 
Acid rain, 24, 224, 498-501 (see also Acid 
deposition) 
Adiabat 
dry and moist, 206 
Adiabatic charts, 206-208 
and cloud development, 207—208 
Adiabatic process 
defined, 190 
dry and moist rate, 190 
Advanced Weather Interactive Processing 
System (AWIPS), 387 
Advection 
defined, 57 
fog, 159-161 
frost, 93 
temperature, 363 
temperature forecasting by watching 
clouds, 388-390 
Aerosols, 25 
and climate, 498 
Aerovane, 280 | 
Air ; 
saturated, 26, 140 
weight of, 30, 31 
(see also Atmosphere) 
Airglow, 75 
Air masses, 330-341 
affecting North America, 331-341 
classification, 330-331 
defined, 330 
source regions, 330, 382 
Air-mass weather, 340 
Air parcel, 35 


- Air pockets, 274-275 


Air pollution, 24, 25-26, 496-499 
in cities, 496-497, 498 
and cP air masses, 332 
in Donora, Pa., 499 
and fog, 157, 499 
fumigation, 198 
in valleys, 92, 499 
Air pressure (see Pressure) © 
Aitken nuclei (see Condensation nuclei) 
Albedo, of various substances, 67 
Alberta Clipper, 338 
Aleutian low, 307 
Altimeter, 34, 250 
Altocumulus clouds, 168—169 
castellanus, 168,209 - 
Altostratus clouds, 168, 169 
changing into altocumulus, 208 
American Meteorological Society 
(AMS), 15 
Analysis map, 382 
Anemometer, 280 
Aneroid barometer (see Barometer) 
Angular momentum 
conservation of, 314-315 
in high-and-low pressure areas, 316-317 
in hurricanes, 445 
and jet stream, 314-315 
and mesocyclone, 431 
Anticyclones 
and dry climates, 477, 482 
formation of, 360 
movement of, 360, 391 
and pollution, 332, 497, 499 
semipermanent, 307 
structure, 359-360 
subtropical, 306 
and vertical air movement, 11, 260-261 
winds around, 10, 255-256, 258-259 
Apparent temperature, 143-144 
Arctic sea smoke, 161 
Arcus cloud (see Roll cloud) 


Arid climate, 477-479 
Aristotle, 13, 387 
Atmosphere 
composition of, 3, 6, 21-26 
compressibility, 30 
heated from below, 68 . 
impurities in, 21-24, 25-26 
momentum transfer with earth, 316-317 
origin of, 19-21 
standard, 546 a 
vertical structure of, 37—47 
warmed near the ground, 69, 89—90 
Atmospheric chaos, 385 . 
Atmospheric density (see Density) _. 
Atmospheric greenhouse effect, 62-66 
(see also Greenhouse effect) _ 
enhancement of, 65-66, 513 
Atmospheric optics, 111-131 


Atmospheric pressure (see Pressure) 


Atmospheric stability (see Stability) 
Atmospheric stagnation, 497 
Atmospheric window, 63 
Atoms, 10 
excited, 73 
weight of, 31 
Aurora, 50, 72-75 
australis, 74 
borealis, 50, 74 
Automated Surface Observing System 
(ASOS), 387 
Automation of Field Operations and 
Services (AFOS), 386-387 


B 


Back door cold front, 344 
Backing wind and cold advection, 388-389 
Baguio, 442 
Ball lightning, 424 
Banner cloud, 175, 177 
Baroclinic 
atmosphere, 364, 397 
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instability, 364 
model of atmosphere, 398, 399 
theory of developing cyclones, 364 . 
Barograph, 34 
Barometer, 32-34 
aneroid, 33-34 
correction to sea level, 243 
mercury, 32-33 
Barotropic 
atmosphere, 363 
model of atmosphere, 398, 399 - 


BASIN (Basic Studies on Air Flow, Smog 


and Inversion), 497 

Bel-Air fire, 293 
Bergeron process, 221 
Bergeron, Tor, 221, 356 
Bering land bridge, 504 
Bermuda-Azores high, 307, 312 
Billow clouds, 209, 275 
Bjerknes, Vilhelm, 356 
Black body, 61 : 
Black frost, 154 
Blizzard, 228, 296 

of ’83, 365-368 

of '88, 355 
Blue haze, 115 
Blue moon, 117 
Blue norther (see Texas norther) 
Blue sky, cause of, 113-114 
Boiling 

and pressure relationship, 142 

temperature in mesosphere, 42 
Book of signs, 387 
Bora, 290 (see also Katabatic wind) 
Boulder winds, 297 
Breeze 

country, 496 : 

lake, 284, 286, 287 

sea and land, 284-286 - 
Brocken bow, 131 
Buys-Ballot's law, 260 


C 


California norther, 294 
Cap cloud (see Pileus cloud) 
Carbon dioxide : 
amount in atmosphere, 21—22, 513 


- and climatic change, 22, 66, 507, 509, 


513-515 

and cloud seeding (dry ice), 222 

as a greenhouse gas, 22, 63, 66, 507, - 
513-515 a 

in early atmosphere, 20 


in polarice, 509, 510 
role in absorbing infrared radiation, 
63-65 
Carbon monoxide, 24, 25 
Carcinogens, 25. 
Ceiling balloons, 180 
Ceiling, defined, 180 
Ceilometer, 180 
Celsius temperature scale, 29 
Centripetal acceleration, 256 
Centripetal force, 256 
Chaparral, 484, 485 
Chinook wall cloud, 293 
Chinook winds, 291-293 
Chlorine in stratosphere, 41-42, 44 
Chlorofluorocarbons 
amount in atmosphere, 21, 22-23 
and greenhouse effect, 66, 513 
and ozone destruction, 41 
Chromosphere, 71 
Cirrocumulus clouds, 166—167 
Cirrostratus clouds, 166-167 
Cirrus clouds, 166 
Cities, climate (see Climate, urban) 


Clear air turbulence (CAT), 271, 274-275 


Clear ice, 233 
CLIMAP, 502-503, 509 
Climate 
boreal, 488 
classification of, 468-471 
continental, humid, 486-487 
controls, 460 
defined, 12 
. dry, 476-479 


dry-summer subtropical, 483-484, 485 


global patterns, 471-490 
highland, 490 

humid continental, 485-488 
humid subtropical, 480-481 


inadvertent modification, 496-500 © 


influence on humans, 12-15 
marine, 481, 482 
mediterranean, 483-484 
moist continental, 485-488 


moist subtropical mid-latitude, 479-484 


of the past, 502-505 

polar, 488-490 

subpolar, 487-488 
- tropical, 471-476 

urban, 496-498 

world distribution, 472-473 
Climatic change, 501-517 

causes of, 505-517 © i 

and chemical weathering, 507 * 


evidence of, 502-503 
and increasing levels of CO,, 22, 66, 
513-515, 517 
induced by nuclear war, 502 
and mountain building, 507 
and particles in lower atmosphere, 498 
and plate tectonics, 506-507 
and surface modifications, 516, 517 
and variations in earth’s orbit, 508-509 
and variations in solar output, 511- 512 
and volcanoes, 509-511 
Climatic data for cities, 533-542 
Climatic optimum, 504 
Climatological forecast, 381 
Cloud droplets 
growth of, 216-218 
scattering visible light, 113 
Cloud seeding 
cumulus clouds, 223 
fog, 168 
and hurricanes, 455 ` 
and lightning suppression, 425 
and precipitation, 221-223 
preventing hailstorms, 235 
Cloud streets, 208, 209 
Cloudburst, 224 
Clouds (see also specific types) 
albedo of, 67 
changing color of, 112-113 
classification, 163-166 
cold, 219 
determining bases of, 204, 208 
development of, 196-211 
effect on daily temperatures, 65, 90 
high, 166-168 
identification of, 166-177 
influence on climate change, 514 
low, 170-171 
measuring ceiling of, 180 
middle, 168-170 
mixed, 220 
orographic, 203 
satellite observations of, 179-184 
terms used in identifying, 176 
and topography, 203-205 
with vertical development, 173-175 
warm, 218 
and warm front, 347-348 
Coalescence, 218 
Cold front (see Fronts) 
Cold occlusion, 348-349 
Cold wave, 85, 338-339 
Color 
of clouds, 113 


of distant mountains, 113, 115 
of rising and setting sun, 116-117 
of sky, 67, 113, 114,115 
Columbia Gorge wind, 290 
Comma cloud, 401 
Computer, and cloud enhancement, 181, 
183 
Computers used in weather and climatic 
prediction, 382-387 
CRAY, 386 
Condensation, 26-27 
in clouds, 216-217 
latent heat of, 54 
near the ground, 153-154 
Condensation level, 201 
(see also Lifting condensation level) 
Condensation nuclei, 27, 155, 217 
concentration of, 155 
and growth of cloud droplets, 217 
size, 155 
Condensation trail (see Contrail) 
Conditional instability, 193-194 
Conduction, 56 
Confluence, 362 
Conservation of angular momentum (see 
Angular momentum) 
Conservation of energy, 52 
Constant pressure charts (see Isobaric 
charts) 
Contact nuclei,.220 
Continental arctic air masses, 331-335 
Continental drift (see Plate tectonics) 
Continental humid climates, 486-487 
Continental polar air masses, 331-335 
Continental tropical air masses, 340, 341 
Contour lines, defined, 245 
Contrails, 176, 178 
Convection, 56-57, 68 i 
and cloud development, 196—204 
forced, 90 ; 
near the ground, 90 
Convective instability, 196, 430 
Convective “hot” towers, 306 
Convergence 
- around jet streams, 361, 362 
cause of, 362 3 
effect on surface pressure, 36, 260—261, 
362 
with high-and-low pressure areas, 
260-261, 359-360 
in hurricanes, 445-446 
Coriolis Force, 249-252 
Coriolis parameter, 254, 369 
Corona around sun or moon, 130-131 


Corona (solar), 71 
Cosmic rays and destruction of ozone, 41 
Crepuscular rays, 115-116 


` Crops, base temperature of, 101 


Cumulonimbus clouds, 175, 201, 224 
(see also Thunderstorms) 
Cumulus clouds, 173-175 
and convection, 196-197, 204 
determining bases of, 204 
development of, 196-203 
Cumulus congestus clouds, 173 
Cumulus fractus clouds, 173 
Cumulus humilis clouds, 172, 173, 201 
Curvature effect, 216 
Cut-off low, 364 
Cyclogenesis, 358 
explosive, 358 
Cyclones, middle latitude 
compared with hurricanes, 448 
development of, 358-368 


energy for development, 356, 364-365 . 


families, 357, 358 
life cycle of, 356-357 
movement of, 360, 391-392 
satellite picture of, 8, 182, 367, 401, 402 
structure, 359-360, 364-365 
vertical air motions, 260-261, 366 
winds around, 10, 255—256, 258-259 
Cyclones, tropical, 442 (see also Hur- 
ricanes) ; 
Cyclostrophic wind, 256 


D 


Dalton’s law of partial pressure, 49, 137 
Daylight hours 

for different latitudes and dates, 84 
Degassing, 507 (see also Outgassing) 
Degree-days, 100—101 
Dendrite ice crystals, 226, 227 
Dendrochronology, 502 
Density 

comparing moist air with dry air, 31 

decrease with height, 30 

defined, 30 

in gas law, 35-36 

molecular, 30 
Deposition, 24, 154 


` Deposition nuclei, 220 


Depression of wet bulb (see Wet bulb 
depression) 

Depressions, middle latitude (see 
Cyclones, middle latitude) 

Depressions, tropical, 446 
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Desert climate (see Arid climate) 
Desert pavement, 272 
Desertification, 517 
Dew, 153 
frozen, 154 
Dew cell, 149 
Dew-point temperature 
defined, 144 
tables, 527,529 
Diffluence, 362 
Diffraction, of light, 130 
Dishpan experiment, 316-317 
Dispersion of light, 125 
Disturbance, tropical, 446 
Divergence 
cause of, 362 
effect on surface air pressure, 36, 
260-261, 362 
with high-and-low pressure areas, 
260-261, 359-360 
in hurricanes, 444, 445-446 
around jet stream, 361, 362 - 
Doldrums, 306 
Doppler radar (see Radar) 
Downbursts, 412 (see also Thunderstorm, 
downdrafts in) 
Drizzle, 219, 223 
Drought, in Sahel, 516 
Dry adiabatic rate of cooling and warming, 
190 
Dry climates, 476-479, 482 
Dry ice, in cloud seeding, 168, 221—223, 
235,455 
Dry line, 416 
Dry tongue, 430 
Dunes, 273 
Dust bowl, 276 
Dust devils, 295 
Dust storms, 294—295 


E 

Earth 
albedo of, 67 
annual energy balance, 69-70, 88 
atmosphere, overview of, 5-6 
average surface temperature, 3 
changes in tilt, 508 
distance from sun, 3, 80 
magnetic field, 72-73 
orbital variations, 508-509 
as a planet, 3 
rotation and revolution of, 6, 79-80 
seasons, 79-86 
tilt of, 81 
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Earth Radiation Budget Experiment, 66, : 
514 . 
Easterlies, polar, 306 
Easterly wave, 442 
Eccentricity of earth's orbit, 508,509 - * 
Eddies, 269—270, 274 (see also Aat g 
Anticyclones) 
in ocean, 320 
Ekman Spiral, 321 
El Chichón, volcano, 510 
and color of sky, 117,121 ` 
Electricity 
and growth of cloud droplets, 218 
and lightning, 421 
Electrification 
of clouds, 421—422- . 
Electromagnetic spectrum, 60 
Electromagnetic waves, 58 (see also 
Radiation) 
Electrons in upper atmosphere, 47 
El Niño, 322-325, 517 


Embryo — 
hailstone, 233 
Energy . 
balance of earth and atmosphere, 6 69-70, i 
88 
defined, 52 
forms of, 52 


Ensemble Forecasting, 386 
ENSO (El Niño/Southern Oscillation), 
322—325 
Entrainment, 202, 408 
Equation of state, 35, 523 
Equilibrium vapor pressure, 216 (see also 
Saturation vapor pressure) 
Equinox 
autumnal, 84 
precession of, 508 
vernal, 85 
Evaporation, 26 
factors that affect, 26—27 
latent heat of, 54 
Evaporation (mixing) fog, 161—162, 
164—165 
Evaporative coolers, 143 
Evapotranspiration (potential), 471 - 
Exosphere, 45 
Extratropical cyclone (see Cyclone, middle 
latitude) i 
Eye of hurricane (see Hurniganes) 
Eye wall, 442 


F 


Faculae, 71,511 
Fahrenheit temperature scale, 28 
Fall streaks, 225 
Fall wind, 290 
Fanning plume, 198 
Fata Morgana, 123—124 
Feedback mechanism 
biogeophysical in Sahel, 516 
and climatic change, 66, 505-506 
_ and hurricanes, 445 
negative, 66, 506 
positive, 66, 505 


Ferrel cell, 306 


Fetch, 277 
Findeisen, Walter, 221 
First GARP Global Experiment (FGGE), 386 
First law of thermodynamics, 52 
Flash flood, 416 
_in Big Thompson Canyon, 418 ` 
Flooding and snow melt, 228 
Fluorocarbons (see Chlorofluorocarbons) 
Flying, along constant pressure surface, 
250-251 . 

Foehn, 291 (see also Chinook) 
Fog, 156—165, 168-169 

acid, 157, 500 

advection, 159—161 

burning off, 158 

and coast redwood trees, 159 

cold and warm, 168 

dissipation of, 158, 168—169 

effects of, 162-163 


evaporation (mixing), 161-162, 164-165 


formation after sunrise, 157-158. 
formation at headlands, 160 
frequency of heavy in U.S., 162 
frontal, 162 

ground, 157 : 

high inversion, 158 

ice, 160 

lamps, 163 

number of days of, 162 
in polluted air, 157, 499 
radiation, 157-159 
seeding of, 168 . 

steam, 161 
supercooled, 168 
upslope, 160-161 
valley, 157 


Forecasting (see Weather forecasting) 
Forecasts, accuracy of, 382 
Freeze, 93, 154 
Freezing nuclei, 220 
Freezing rain, 230 
Friction, effect on wind, 258-259, 269 
Friction layer, 269 
Frontal inversion, 346 
Frontal surface, 341 
Frontal wave, 356 
stable and unstable, 358-359 
Frontogenesis, 344, 345 
Frontolysis, 344 
Fronts, 11,340-350 
back door, 344 
and clouds, 343, 347-348 
cold, 11, 343-346 
occluded, 11, 348-350 
polar, 306 
sea breeze, 284 
stationary, 341 
subtropical, 314 
symbols on weather map, 9, 524-525 
Fronts, warm, 11, 346-348 
Frost, 154 
advection, 93 
protection, 92-94 
(see also Freeze) 
Frost ban, 94 
Frostbite, 13, 101 
Frost point, 144 
Fujita scale of damaging winds, 429, 430 
Fujita, Theodore T., 429 
Fumigation, 198 
Funnel cloud, 425, 431 (see also 
Tornadoes) 


Fusion, latent heat of, 54 


G 


Galaxies, 2 

Gamma rays, 61 

GARP Atlantic Tropical Experiment 

(GATE), 386 

Gas law, 35-36, 38 
computations using, 38 

Geiger, Rudolf, 468 

General circulation, 303-309 
and momentum transfer, 316-317 
single-cell model, 304-305 
three-cell model, 305-307 


` 


? 


wet and dry areas, 312-313, 464 


Geostrophic wind, 253-255 
Geostrophic wind equation, 254, 523 
Glaciers, 12, 501 

Glaciated clouds, 220 

Glaze, 230 

Glider soaring, 285 


f 


Global Atmospheric Research Program 
(GARP), 386 
Global climate, 460 
Global scale motions, 268 
Global warming 
consequences of, 514-515 
Glory, 131 
Glossary, 549-564 
Gradient wind, 256 
Gradient wind equation, 256 
Graupel, 221, 232 
Gravity, 4 
Gravity winds, 289 
Green flash, 121 
Greenhouse effect (see also Atmospheric 
greenhouse effect) 
in earth's atmosphere, 62—66 
runaway, 505 
on Venus, 5 © 
Greenhouse gases, 22-23 
absorption of infrared radiation, 62-66 
and climate change, 506-507, 509, 
513-515 
Greenwich Mean Time (GMT), conversion 
to local time, 526 
Grid points, 383 
Ground fog, 157 
Gust front, 411-412 
Gustiness of wind, 269 


H 


Haboob, 294-295 
Hadley cell, 304-305 
Hail, 232-234 
average number of days each year, 420 
formation, 233-234 
suppression, 235 
in thunderstorms, 233, 411, 420 
Hailstreak, 233 


` Halos, 124-125 


Haze, 115, 155-156 
blue, 115, 156 
color of, 115, 156 


dry and wet, 156 
and restriction of visibility, 156, 157 
Heat 
defined, 53 
latent, 53-55 
and problems related to body, 143 
transfer, 56-61 
Heat, balance of earth-atmosphere system, 
69-70, 88 
Heat capacity, 53 
Heat index (HI), 143-144, 545 
Heat island (see Urban heat island) 
Heat lightning, 424 
Heat stroke, 143 
Height charts (constant), 242-246 
Heiligenschein, 131 
Heterosphere, 45 
High pressure areas (see Anticyclones) 
Hoarfrost, 154 
Hole in ozone layer, 44 
Homosphere, 45 
Hook-shape echo, 435 
Hooke, Robert, 280 
Horse latitudes, 306 
House, design and sun's position, 87-88 
Howard, Luke, 163 
Human body, gain and loss of heat, 99-100 
Humidity, 135-149 (see also specific types) 
comparing Gulf coast with Pacific coast, 
145-146 
instruments, 148-149 
tables, 527-530 
Humiture index, 143-144 
Hurricane 
Agnes, 448, 452 
Alicia, 451 
Allen, 448, 450--451 
Boris, 449 
Camille, 451 
Debbie, 455 
Debby, 450 
Elena, 440, 449, 450 
Frederic, 451 
of 1900 in Galveston, Texas, 453 
Gilbert, 442, 450, 451 
Gilma, 447 
Ginger, 446 
Gloria, 449 
Hazel, 448 
Hugo, 448, 452-453 
Iwo, 449 


INDEX 569 


John, 442-443 
Tico, 449 
Hurricane damage-potential scale, 453,454 
Hurricanes, 7, 440-455 
compared with mid-latitude cyclone, 
448 
destruction, 449-453 
eye of, 442 
formation and dissipation, 444-447 
modification of, 455 
movement, 447, 449 
names, 453-455 
rain bands in, 442 
satellite picture of, 8, 440, 443, 446, 451, 
452 
structure of, 442-444 
warnings, 450 
Hydrocarbons, 24, 25 
Hydrologic cycle, 27-28 
Hydrophobic particles, 155 
Hygrometers, 148—149 
Hygroscopic particles, 155 
and cloud seeding, 223 
Hydrostatic equation, 261 
Hydrostatic equilibrium, 261, 262 
Hypothermia, 13, 102 
Hypoxia, 42 


I 


Ice 
clear and rime, 233 
molecular structure of, 24 
vapor pressure over, 139, 221 
Ice ages, 503-504 
Ice crystals 
cause of optical phenomena, 124-126 
in clouds, 219-220 
forms of, 226 
and natural seeding, 223 
Ice nuclei, 220 
Ice pellet (see Sleet) 
Icelandic low, 307 
Ice storms, 230 
Icing, aircraft, 233 
Indian summer, 84 
Infrared radiation, wavelength of, 61 
Infrared 
radiometer, 104, 180, 281 
sensors, 61, 104 
Insolation, 83 
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Instability 
absolute, 193 
baroclinic, 364 
causes of, 194—196 
conditional, 193 
convective, 196, 430 l 
and severe thunderstorms, 430 
Instant weather forecast chart, 531 
Instrument shelter, 104—105 
Instruments (see specific types) 
Interference, destructive and constructive, 
130 | "aC 
Interglacial periods, 504 
Intertropical convergence zone (ITCZ), 306 
and hurricane formation, 444—445 
movement of, 312 
and precipitation, 312, 475 
and rainfall in Sahel, 516 
Inversion 
and air pollution, 496—497, 499 
and anticyclones, 192, 332, 497, 499 
and cP air mass, 333 | ; 
defined, 38 
frontal, 346 
and nuclear winter, 502 
radiation, 91, 93 
role in severe thunderstorm formation, 
431 Ring ias E 
in the stratosphere, 39 ` 
subsidence, 192, 201, 312, 332 
in the thermosphere, 43 
trade wind, 445 
with warm front, 347 
Ionization, in upper atmosphere, 47 
Ionosphere, 45-47 
Ions, 10 
in ionosphere, 45 
Iridescence, 131 
Isallobars, 391 
Isobaric charts, 244-246 
Isobars, defined, 243 
sea level average, 308—309 
Isotachs, defined, 313 
Isothermal layer, defined, 38 
Isotherms 
defined, 97 
January and July average, 98-99 
world average, 461 


J 


Jacob's ladder, 116 
JAWS (Joint Airport Weather Studies), 414 


Jet maximum (also Jet streak), 313 


convergence and divergence around, 362 


Jet streams, 309-318 


and developing wave cyclones, 361, 362 


formation of, 314-315 

as heat transfer mechanism, 313 

low-level jet, 318, 420 

polar front jet, 311, 314 

and severe thunderstorms, 430 

relation to tropopause, 311 

stratospheric polar night jet, 318 

subtropical jet, 311 

tropical easterly jet, 315, 317 
Jupiter, 3-4 


K 


Katabatic wind, 290-291 
Kelvin temperature scale, 28 
Kelvin wave, 323 

Kelvins, defined, 29 
Khamsin, 296 


- Kinetic energy, 26, 52 


Kirchhoff's law, 62 

Knot, defined, 7, 521 | 

Kóppen's classification of climates, 
468-469 


L 


Lake breeze, 284, 286, 287 
Lake-effect snows, 334 
Lamarck, J., 163 - 
Laminar flow, 269 © 
Land breeze, 284, 285 
Land of the Midnight Sun, 82, 83 
Langmuir, Irving, 222 
La Niña, 325 
Lapse rate, temperature, 38, 191 
adiabatic, 190. 
defined, 38 
environmental, 191 
standard, 38 
Latent heat, 24, 53-55 
as source of energy in hurricanes, 445 
Latitude and longitude, 7 
Layers of atmosphere, 37-47 - 
Leaves, color changes, 85 
Lee-side lows, 370 
Lee wave clouds, 205 
Lenticular clouds, 175, 205 
Leste, 296: | 
Leveche, 296 


Lidar, 281 
Doppler, 435 
Lifting condensation level (LCL), 203, 208 | 
Lightning, 420-425 
cloud to ground, 422 
dart leader, 422 © : 
detection and suppression, 423, 425 
different forms of, 424 
fatalities, 421 
return stroke, 422 
rods, 422-423 
stepped leader, 422 
stroke, 422 
Little Ice Age, 504, 511 
LLWAS (Low-Level Wind Shear Alert 
System), 413 
Lofting smoke plume, 198 
Longwaves in atmosphere, 363, 370-371 
Low-level jet stream, 318 _ 
and monsoon, 289 
and thunderstorm formation, 318, 420 
Low pressure area (see Cyclones, middle 
latitude 


M 


Mackerel sky, 166 
Macroburst, 412 
Macroclimate, 460 
Macroscale motion, 268 
Magnetic field, 72 - 
Magnetic storm, 72 
Magnetosphere, 72 
Mammatus clouds, 176, 178 


.. Map analysis, 382 
‘Maritime polar air masses, 335-336 


Maritime tropical air masses, 336-339 

Mars, 3-5 

Maunder minimum, 512 

Mean free path, 45 

Medium range forecast model (MRF), 383, 
384, 385 

Mercury barometer (see Barometer) 

Meridional winds (flow), 257, 379-380 . 


` Mesoclimate, 460 


Mesocyclone, 431, 435 
in eye wall of hurricane, 450 
Mesohigh, 411 | 
Mesopause, 43 . 
Mesoscale convective complete, 416-417 
Mesoscale motion, 268 
Mesosphere, 42-43 
Meteoroids, 6 


Meteorologica, 13 
Meteorology 
defined, 13 
origin of word, 13 
Methane 
amount in air, 21, 22-23, 25 
and greenhouse effect, 66, 513 
METROMEX (Meteorological Experiment), 
498 . 
Microburst, 412-415 
and airline crashes, 413 
Microclimate, 460 
altering the, 496 
Micrometers, defined, 58 
Microscale motion, 268 
Middle latitude cyclone (see Cyclones, 
middle latitude) 
Middle latitudes, defined, 7 
Milankovitch, M., theory of climatic 
change, 508-509 
Millibar, defined, 32 
Mirages, 121-124 
Mistral, 290 (see also Katabatic wind) 
Mixing depth, 496 
Mixing fog (see Evaporation (mixing) fog) 
Mixing ratio, 136, 164-165, 206 
Model-output statistics, 379 
Models 
air motions in hurricane, 444 
atmospheric, 382-386, 398-399 
climate, 65, 511, 513, 514 
general circulation, 65, 325, 386 
station, 524 
used in weather forecasting, 382-383, 
398-399 
Moist adiabatic rate of cooling or warming, 
190 
Molecular density, 30 
Molecules, 10 
excited, 73 
mean free path of, 45 
number in a breath of air, 10 
Momentum, exchange between earth and 
atmosphere, 316-317 
Monsoon Experiment (MONEX), 289 
Monsoon depressions, 289, 307 
Monsoons, 288-289,475 - 
and El Niño, 325 
Montreal Protocol, 42 
Moon, albedo of, 67 
Mother-of-pearl cloud (see Nacreous 
clouds) E 
Mountainadoes, 297 


Mountain breeze, 289-290 
Mountains 
and climatic change, 507 
hillside temperature variations, 87, 89 
influence on precipitation, 466-467 
Mountain wave clouds, 205 
Mount St. Helens, volcano, 23 
Multicell storms, 410, 411 


N 


Nacreous clouds, 177 
National Meteorological Center (NMC), 378 
National Ozone Expedition, 44 
National Weather Association (NWA), 15 
Nebulae, 2, 20 
Neutral stability, 192 
Newtons, defined, 32, 521 
Newton’s laws of motion, 247—248 
NEXRAD (Next Generation Weather 
Radar), 435 
Nimbostratus clouds, 170-171 
NIMROD (Northern Illinois Meteorological 
Research on Downbursts), 414 
Nitric oxide, 25 
and ozone destruction, 41 
Nitrogen 
percent in atmosphere, 21 
production and destruction near surface, 
21 
Nitrogen dioxide, 24, 25 
and ozone destruction, 41 
Nitrous oxide 
amount in air, 21, 22-23 
and greenhouse effect, 66, 513 
and ozone destruction, 41 
NOAA weather radio, 15 


` Noctilucent clouds, 177, 179 
‘Nocturnal inversion (see Inversion, 


radiation) 
Norte, 296 
Northeasters, 296-297 
Northern lights (see Aurora) 
Nowcasting, 379 
Nuclear fusion, 20 
Nuclear winter, 502 
Nucleation 
contact, 220 
homogeneous, 220 
spontaneous, 220 ` 
Numerical weather prediction (NWP), 
382-383 
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Obliquity, of earth's axis, 508, 509 
Occluded fronts (see Fronts) 
Occlusion, 348 
Ocean currents, 318-320 
as a control of temperature, 98 
effect on nearby land temperature, 98 
Oceanic front, 320 
Oceans 
influence on climate, 98, 460 
influence on climate change, 506, 514 
interactions with atmosphere, 318-325 
surface temperatures and weather, 
321-322 
Omega high, 397 
Open wave cyclone, 356-357 : 
Optical phenomena (see Atmospheric 
optics) 
Orchard heaters, 93 
Orographic, uplift, 203,466 - 
cloud development, 203-205 
Outgassing, 20 
Overrunning, 346, 356 
Oxides of nitrogen, 25, 41, 498 
Oxygen 
in early atmosphere, 20 
percent in atmosphere, 21 l 
production and destruction near surface, 
21 l 
Oxygen-isotope ratios, 503 . 
Ozone 
absorption of radiation, 62, 63 
concentration near surface, 21 
concentration over Antarctica, 44 
destruction by chlorine, 41—42 
destruction by nitric oxide, 41 
and formation of blue haze, 115 
hole, 44 
importance to life on earth, 23, 39-40 
lack of in thermosphere, 43 
as a pollutant, 23, 24, 25-26 
in stratosphere, 23, 39-42, 44 
and supersonic jet transport, 41 


P 


Pacific high, 307, 312 
Parcel, of air 

defined, 35 
Parhelia (see Sundogs) 
Pascal, defined, 32, 522 
Permafrost, 489 
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Persistence forecast, 379 
Photochemical smog (see Smog) 
Photodissociation, 20 
Photons, 64 
Photosphere, 71 
Pileus cloud, 175, 177 
Pilot balloon, 280 
Planetary scale motions, 268 
Planets, dimension and surface tempera- 
tures, 3- 
Plasma (see Solar wind) 
Plate tectonics, 12, 507 
and climatic change, 506-507 
Pleistocene epoch, 504 
Polar air masses, 331-335 
Polar climate, 488-490 . 
Polar easterlies, 306 
Polar front, 306, 356 _ 
Polar front theory of cyclones, 356-357 
Polar stratospheric clouds, 44 
Polar votex, 44 
Pollutant Standards Index (PSI), 543 
Pollution (see Air pollution) 
Potential energy, 52 
Potential temperature, 206 
Potential vorticity, 370 
Powers of ten, 10, 522 


Precession, of earth's axis of rotation, 508, 


509 
Precipitation 
acid, 224, 498-501 | 
with cold fronts, 333-334 
extremes, 470 
global patterns of, 461-467 | 
instruments, 234—237 
and radar, 236, 435 j 
related to general circulation, 312, 461, 
464 
and sky color, 225 
types, 222-234 
upslope, 338 
urban induced, 498 
with warm fronts, 346-347 
world average annual, 462-463 
Precipitation processes i 
collision and coalescence, 218—219 
ice-crystal,219—221 
Pressure , 
associated with cold air and warm air 
aloft, 245-246 
atmospheric, 4, 31 
and boiling point, 142 - 
causes of surface variations, 36-37 . 
changes aloft, causes of, 245-246 


conversions, 33, 522 
defined, 30 
diurnal changes, 37 
extremes, 33 
January and July average, 308-309 
normal sea level, 32, 308—309 
reduction to sea level, 273 
relation to density and temperature, 
35-37 
standard, atmospheric, 32, 546 
station, 242 
tendency, 343, 391 
units, 32, 522 


variation with altitude, 30, 31, 34, 243, 


261, 546 
Pressure gradient, 248-249 
Pressure gradient force (PGF), 249 
Prevailing westerlies, 306 
Prevailing winds (see Winds, prevailing) 
Probability forecast, 381 
Prognostic chart (prog), defined, 383 
Prominences, 71 
Psychrometer, 148 


Q 


Quasi-biennial oscillation, 512 


Radar 
defined, 237 
determining winds, 281 
Doppler, 434—436 
and hurricane Hugo, 452 
and precipitation, 236 
and tornadoes, 434-435 


- Radiant energy (see Radiation) 
- Radiation, 58-68 


absorption and emission of, 61-66 
- intensity, 59-61, 64 

longwave and shortwave, 60 

radiative equilibrium, 62 

reflection of, 66-67 

refraction of, 117—119 (see also 

Refraction) 

scattering, 67, 112-113 

selective absorbers, 62-65 

and skin cancer, 64 

of sun and earth, 59-61 © 

and temperature, 58—59 

transmitted light, 117 

variation with seasons, 80—86 

wavelengths and colors, 61 


a 


Radiational cooling, 90 
Radiation fog, 157—159 
Radiation inversion, 91, 94, 198 
Radiative akp u temperature, 62 
Radio 
communications and ionosphere, 46 
wavelengths, 58 
Radiometers, 104, 180, 281 
Radiosonde, 40,281 
Rain, 223-224 (see also Precipitation) 
acid, 224 
color, 224 
intensity, 224 
trace of, 234 
Rain forest 
tropical, 471, 517 
Rain gauges, 234-235 
Rainbows, 126-130 
Raindrop 
shape, 226 
size, 218 
Rain shadow, 203, 467 
Rawinsonde observation, 281 
Redwood trees, 159 
Reflection 
and color of objects, 112 
of radiation, 66-67, 112 
(see also Albedo) 
Refraction 
and green flash, 121 
and lengthening of day, 119 
of light, 117-118 ; 
and mirage, 121-124 
cause of twinkling, 119 
Relative humidity, 140-147 
` „comparing desert air with polar air, 145 
computation of, 147, 206 
daily variation of, 140—141 
defined, 140 
of different latitudes, 145 
effect on humans, 142, 143—144 
in the home, 141—142 
tables, 527—529 
Ridge, defined, 7 
and upper-level charts, 246 
(see also Anticyclones) 
Rime ice, 233 
Riming, 221 
Rockets, and wind information, 281 
Roll cloud, 412, 413 
Rossby, C. G., 363 
Rossby waves (see EA in atmo- 
sphere 
Rotor clouds, 205 


Rotors, 271 

Roughness of ground and turbulence, 
269-270 

Runaway ice age, 506 


S 


Saffir-Simpson scale, 453, 454 
Sahel, 516 
Saint Elmo's Fire, 424 
Saltation, 272 
Salt particles, as condensation nuclei, 155, 
217 
Sand dunes, 273 
Sand ripples, 273 
Sandstorms (see Dust storms) 
Santa Ana wind, 293-294 
Satellite pictures 
computer enhancement of, 183 
of middle latitude storms, 8, 182, 367, 
401, 402 
of tropical storms, 8, 440, 443, 446, 451, 
452 
water vapor image, 372 
Satellites, 179-184 
geostationary, 182 
and identification of clouds, 181-183 
information from, 184, 281 
Insat, 184 
Landsat, 184 
Meteosat, 184 
NIMBUS 7, 44 
polar orbiting, 183 
Tiros 1, 13, 180 
Windsat, 184 
Saturation, 26, 140 
Saturation mixing ratio, 164-165 
Saturation vapor pressure, 139, 216 
for various air temperatures, 147 
Savanna, 474, 476 
Scales of atmospheric motion, 268 
Scattering, 67, 112-117 
Mie, 113 
of radiation, 67 
Rayleigh, 113 
Schaefer, Vincent, 222 
Scintillation, 119 
SCOPE, Scientific Committee on Problems 
of the Environment, 502 
Scud, 170, 171 
Sea breeze, 284-286 
Sea breeze convergence zone, 286 
Sea breeze front, 284-285 
Sea level, and climatic changes, 504 


Seasons, 79-86 
astronomical and meteorological, 82 
defined, 82 
in Northern Hemisphere, 81-86 
in Southern Hemisphere, 86 
Seiches, 288 
Selective absorbers (see Radiation) 
Semipermanent highs and lows, 307 
Sensible heat, 54 
Sensible temperature, 100 
Sferics, 423 
Sharav, 296 
Shelterbelts, 276 
Shortwaves in atmosphere, 363 
Shower, 224 
Siberian express, 338-339 
Siberian high, 307 
Silver iodide, 222 
Sirocco, 296 
Sky 
color of, 67, 113, 114, 115 
conditions of, 177-179 
Skyvane (see Aerovane) 
Sleet, 228 
Smog, 25-26 
photochemical, 23, 25-26 
(see also Air pollution) 
Smog front, 285, 286 
Smoke plumes, 198 
Smudge pots (see Orchard heaters) 
Snow, 224-229 . 
absorption and emission of infrared 
energy, 62 
albedo of, 67 
and chinook, 292 
effect on minimum temperature, 62, 92 
effect on sound, 231 
falling in above freezing air, 229 
flurries, 227 l 
as an insulator, 92, 228, 274 
intensity, 227 
influence on landscape, 228, 273-274 
measurement of, 235, 237 
melting level; 225 
and nighttime temperature, 62, 92 
upslope, 338 
Snow blindness, 66 
Snowfall, records of, 470 
Snow fences, 274, 275 
Snowflake, shape, 226 
Snow grains, 230 
Snow pellets, 230-232 
Snow roller, 273 
Snow squall, 227 
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Soil, effect on temperature above, 91-92 
Solar constant, 83, 523 
Solar corona, 71 
Solar flares, 71-72 
and radio communication, 72 
Solar heating, and roof angle, 91 
Solar radiation 
absorption by atmosphere, 62—63, 68, 
69-70 
absorption at earth's surface, 68, 69-70, 
79-86 
Solar system, planets in, 3 
Solar wind, 72 
associated with solar flare, 72 
and aurora, 72-74 
Solberg, Halvor, 356 
Solute effect, 217 
Sonic boom, 421 
Sound 
produced by snow, 231 
_ sonic boom, 421 
of thunder rumbling, 420 
Sounder, in satellites, 184 
Sounding, 40, 191 
and severe thunderstorms, 430-431 
Southern Hemisphere, seasons compared 
to Northern Hemisphere, 86 
Southern lights (see Aurora) 
Southern Oscillation, 323-325 
Specific heat, 53 
Specific humidity, 136-137 
comparing deserts and poles, 145 
defined, 136 
Squall line, 344, 414-416 
Stable equilibrium, 190 
Stability 
atmospheric, 189-196 
and cloud development, 196-202 
changes due to lifting air, 196 i 
changes due to mixing, 195 
and smoke plumes, 198 
Standard atmosphere table, 546 
Standing wave clouds, 205 (see also 
Lenticular clouds) 
Station model, 524 
Steam devils, 161 
Stefan-Boltzmann law, 59, 523 
Steppe, 478, 480 
Stepped leader, 422 
STORMFURY, project, 455 
Storm surge, 450 
Stratocumulus clouds, 170-171 
due to mixing, 209-211 
Stratopause, 42 
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Stratosphere, 38 
ozone in, 39—42, 44 
sudden warming, 39 
temperature of, 39 
Stratus clouds, 170, 172 
and precipitation from, 170 
Stratus fractus clouds (see Scud) 
Streamlines, 442 
Subduction, 506, 507 
Sublimation, 24 
latent heat of, 55 
Subpolar low, 306 


Subsidence inversions, 192, 201, 312, 332 


Subtropical front, 314 


Subtropical highs, and general circulation, 


306 
Suction vortices, 429 
Sudden warming in stratosphere, 39 
Sulfur dioxide, 24, 25, 498, 500 
Summer solstice, 81 
Sun 
angle at noon, 91 
changes in color, 116—117 f 
changes in energy output, 511—512 
- changing position of rising and setting, 
86-87 : 
diameter of, 3 
distance from earth, 3, 70 
magnetic cycle of, 512 
position in Milky Way galaxy, 2 
seasonal variations at noon, 86-88 
structure of, 71 
temperature of, 3,59 
Sundogs, 125, 126, 127 
Sun pillars, 125, 127 
Sunspots, 71 
and climatic change, 511-512 
solar flare and magnetic storm activity, 
720 
Supercooled water, 220 
Supernova, 2, 20 
and formation of earth, 20 
Supersaturation, 216 
Supersonic transport and ozone, 41 
Swells, 277, 450 
Synoptic scale motions, 268 


T 
Tables 
of constants and equatien’. 523 


of dew point and humidity, 527-530 
of wind chill, 544 


Taiga, 488 
Tangent arc, 124-125 
Temperature 
advection (see Advection) 
annual range, 96 
apparent, 143-144 ` 
average change with height, 38, 39, 546 
base for crop growth, 101 
controls of, 97-99 
conversions, 28-29, 522 
daily changes in, 89-92, 95-97 
daily range, 95 
defined, 26 
and density relationship, 35-37 
effect on air's capacity for water vapor, 
27,136-137, 139 
extremes, 465-466 
global patterns of, 460-461 
horizontal variation between summer 
and winter, 98 
instruments, 103-106 
lag, 89 : 
land versus water, 98 
lapse rate, average, 38 
lowest average value in atmosphere, 43 
maximum and minimum, 89-92 
mean annual, 96 
mean daily, 95 
measurement near surface, 89-92 
measurement in thermosphere, 45 
normal defined, 96 l 
on north and south slopes, 87 
radiative equilibrium, 62 
rapid changes in, 292 
: of rising and sinking air, 34-35 
scales, 28—29 iè: 
trends over last 1000 years, 504-505 
wet bulb and dry bulb, 148 
world average annual, 461 
world average for month of January, 98 
world average for month of July, 99 
Terminal velocity, of particles and 
precipitation, 218 
Texas norther, 296 
Theodolite, 280 
Theophrastus, 387 
Thermal belts, 92 
Thermal circulations, 56-57, 283—284 
Thermal high and low pressure areas, 284 
and general circulation, 307 
Thermal tides, 37 
Thermals, 56, 57, 197, 200—203 
Thermistor, in radiosonde, 40, 104 
Thermocouple, 104 


Thermograph, 104 
Thermometers, 103—104 
electrical, 104 
maximum and minimum, 103-104 
Thermosphere, 43, 45 
Thornthwaite's classification of climates, 
468, 471 
Thunder, 420-421 
Thunderstorms, 7, 408-420 
air mass, 408-411 . 
and airline crashes, 413 
distribution, 419-420 
downdrafts and updrafts, 408— 411, 
412-415 
electricity, 421-423 
frontal, 411 
and hurricanes, 442, 444-445, 450 
life cycle, 408-409 
movement, 417, 419 
and mT air masses, 340 
multicell, 410, 411 
orographic, 411 
overshooting top, 411, 412 
severe, 411-419 
supercell, 414, 415 
squall line, 414-416 
Tornado cyclone, 431 
Tornadoes, 7, 425-436 
associated with hurricanes, 450 
damage, 428-429 
formation of, 429-432 
multi-vortex, 429 
occurrence, 426-427 
outbreaks of, 425 l 
Tornado, viewing the inside, 428 
Tornado vortex signature (TVS), 435 
Tornado warning, 433 
Tornado watch, 433 
Torricelli, Evangelista, 32 
TOTO—Totable Tornado Observatory, 434 
Towering cumulus clouds (see Cumulus 
congestus cloud) 
Trace gases, 21-23, 66, 513 
Trade winds, 306 
Transpiration, and hydrologic cycle, 27 
Trewartha, Glenn T., 468 
Tropical air masses, 336-340 
Tropical Ocean and Global Atmosphere 
(TOGA), 325 
Tropical moist climates, 471-476 
Tropical storms, 446 (see also Hurricanes) 
Tropical weather, 441-442, 471 
Tropopause, 38 
“Troposphere, 38 


Trough 
defined, 7 
on upper-level charts, 246 
Tundra, 489 
Turboclair, 168 
Turbulence, 268-271 
Twilight, 119 
Twisters (see Tornadoes) 
Typhoon, 442 (see also Hurricanes) 
Tip, 448 


U 


Ultraviolet radiation 

energy of, 64 

wavelength of, 61 
Unstable equilibrium, 190 
Unstable atmosphere (see Instability) 
Upper air charts, 244-248 
Upper atmosphere, 38-47 
Upslope snow, 338 
Upwelling, 320-321, 460 

and dry climate, 482 
Urban climate (see Climate) 
Urban heat island, 496 


Vv 


Valley breeze, 289-290 


Valley fog, 157 : 
Vapor pressure, 137 
actual, defined, 137 
average for months of January and July, 
138 
and boiling, 142 
equilibrium, 216 
saturation (see Saturation vapor 
pressure) 
Veering wind, and warm advection, 
388-389 
Vegetation ; 
effect on maximum and minimum 
temperature, 90, 91 
protected from cold air, 92—94 
south-facing slopes versus north-facing 
slopes, 87, 88 
Ventifacts, 273 
Venus, 3-5 
Vertical air motions 
in high-and-low pressure areas, 11, 
260-261, 366 
in hurricanes, 444, 445 
Virga, 224, 478 
Viscosity, 269 


Visibility 
associated with warm fronts, 347, 348 
reduction by fog, 157, 162-163 
reduction by haze, 156 
reduction by pollutants, 332, 497, 499 

Visible light, 60 
and human eye, 112 

Volcanoes 
and climatic change, 509-511 
and formation of atmosphere, 20 
gases emitted by, 20 

Vonnegut, Bernard, 222 

Vorticity, 368-373 
maximum, 371-373 


W 


Wall cloud, 433, 434 
Warm clouds, precipitation in, 218-219 
Warm core lows, 448 
Warm fronts (see Fronts) 
Warm occlusion, 349-350 
Warm sector, 356, 357, 391 
Water , 
change of state, 24, 26-27 
critical angle of, 128 
heat capacity, 53 
reflection of sunlight from, 66 
supercooled, 220 
temperature, contrasted with land, 98 
(see also Precipitation) 
Water equivalent, 237 
Water molecule, 24 
Water vapor 
air's capacity for, 136-137, 141 
amount in atmosphere, 21, 24 
properties of, 24, 26-27 
role in absorbing infrared radiation, 
63-66 
role in climate change, 513-514 
weight of, 31 
Waterspouts, 436-437 
Wavelength, defined, 58 
Wave cyclone, 356-357 
and temperature advection, 364 
(see also Cyclones, middle latitude) 
Wave cyclone model, Norwegian, 357 


. Weather 


defined, 12 

elements of, 12 

influence on humans, 12-15 

record cold of 1983, December, 338-339 
record warmth of 1976, April, 377 
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Weather forecasting, 377-403 
accuracy and skill, 382 
analogue method, 379 
and chaos, 385 
and computer progs, 382-386, 399-401 
ensemble, 386 
extended, 380 
using 500 mb charts, 396-399 
improvement of, 386-387 
using instant weather forecast chart, 
389-390, 531 
long range, 380 
methods of, 379-383 
by observing clouds, 388-389 
using position of shortwaves, 399 
probability, 381 
problems in, 383-386 
using satellite information, 400-401 
for six cities, 392-393 
using surface charts, 390-396 
trend method, 379 
Weather modification (see specific types) 
Weather service offices (WSO), 370 
Weather symbols, 524-525 
Weather type forecasting, 379-380 
Weather watches and warnings, 379 
Wegener-Bergeron-Findeisen process, 221 
Westerlies (see Prevailing westerlies) 
Wet-bulb depression, 148 
Wet-bulb temperature, 143, 229° 
and cooling of skin, 143 
Whirlwinds (see Dust devils) 
White Christmas, probability of, 381 
Wien's law, 59, 523 
Willy-willy, 295 
Wind 
angle crosses isobars, 259 
around high-and-low pressure areas, 10, 
255—256, 258-259 
backing and veering, 388 
defined, 7 
and deserts, 272, 294-296 
eddies, 269-270, 274 
effect of friction on, 258-259 
estimating direction of, 277-281 
force of, 271-272, 278 
geostrophic, 253-255 
mean global for January and July, aloft, 
308-309, 310-311 
gradient, 256 
howling, 271 
in hurricanes, 464-465, 449-453 
influence on surface, 272-276 
instruments, 280-283 
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local scale, 283-297 


mean global for January and July, at 


surface, 307-309 © 
and ocean currents, 318-320 
onshore and offshore, 277 . 
prevailing, 278-280 
in Southern Hemisphere, 256 
strongest recorded, 272 
in tornadoes, 427-429 
. units of speed, 521 
on upper-level charts, 256-258 
and vegetation, 274-276 
and water, 286-288 
Windbreaks (see Shelterbelts) 
Wind-chill, 100-101, 102 
Tables of, 544 
Wind direction 
defined, 7 


Wind farm, 282 

Wind machines, 93 

Wind power, 282' 

Wind profiler, 281 

Wind rose, 279, 280 
Wind sculptured trees, 275, 276 


Wind shear, 271, 274-275, 413-415 


and airline crashes, 413 
and tornado development, 431 
Wind sock, 280 
Wind sounding, 281 
Wind turbine, 282 
Wind vane, 280 
Wind waves, 276-277 
Winter chilling, 162 
Winter solstice, 84 


World Meteorological Organization 


(WMO), 378 


X 


Xerophytes, 477, 479 
X-rays, 58 l 


Y 


Year without a summer, 504, 510 


Z 


Zonal wind 
defined, 2577 
and dishpan experiment, 317 
and forecasting, 377 

Zonda, 291 (see also Chinook) 


(Credits continued) _ 
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Fig. 15.2 Courtesy NOAA, National Climate Center. Fig. 15.3 Data 
taken from “Statistical Probabilities for a White Christmas,” U.S. 
Department of Commerce, Washington, D.C. Fig. 15.4 Courtesy 
NOAA, NWS. Fig. 15.5 Photo by author. Fig. 15.12 Courtesy NWS. 
Figs. 15.15 and 15.17 NOAA photos. 
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Figs. 16.2 and 16.3 Photos by author. Fig. 16.4 Courtesy of T. Ansel 
Toney and M. Elsea. Fig. 16.6 Photo by author. Fig. 16.8 Photo by 
Major Richard F. Picanso, USAF (Air Weather Service). Figs. 16.9, 
16.10, 16.11 Photos by author. Fig. 16.14 NOAA photo. Fig. 
16.16 After Thunderstorms, Vol. 2, U.S. Government Printing 
Office, Washington, D.C., 1982. Fig. 16.17 Data courtesy of NOAA. 
Fig, 16.19 Photo by Mike Spurgat. Fig. 2 Photo by D. Baumhefner, 
NCAR. Fig. 16.21 Photo by Eric J. Lance, Walnut Grove, MN. Fig. 
16.22 Data courtesy U.S. Department of Commerce. Fig. 
16.25 Photo: Topeka Capital Journal. Fig. 16.29 Photo by author. 
Fig. 16.30 Photo by Howard B. Bluestein. Fig. 16.31 NOAA photo. 
Fig. 16.32 National Center for Atmospheric Research/National Sci- 
ence Foundation. Fig. 16.33 Courtesy Joseph H. Golden, NOAA. 
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Figs. 17.2, 17.5, 17.8 NOAA photos. Figs. 17.9, 17.10, 17.11 Cour- 
tesy NOAA/National Weather Service. Table 17.2 Courtesy Na- 
tional Weather Service. 
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Figs. 18.7, 18.8 Photos by J. L. Medeiros. Fig. 18.11 Photo by au- 
thor. Fig. 18.12 Photo by J. L. Medeiros. Fig. 18.14 Photo by author. 
Fig. 18.19 Photo by J. L. Medeiros. Fig. 18.20 Photo by author. Figs. 
18.23 and 18.25 Photos by J. L. Medeiros. 
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Fig. 19.1 Photo by author. Fig. 19.4 After United States and Canada 
Work Group No. 2, 1982. Fig. 19.5 Modified from CLIMAP, 1976. 
Fig. 19.6 After Understanding Climate Change, National Academy 
of Sciences, Washington, D.C., 1975, p. 130. Fig. 19.12 Photo by 
Ron Tingley. Figs. 19.14 and 19.15 Photos by author. 
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Table G.1 Courtesy of Sacramento Metropolitan Air Quality Man- 
agement District. l 
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Table H.1 and Table H.2 Courtesy NOAA/NWS. 
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Table I.1 Courtesy NOAA/NWS. 


Cirrus High ice crystal clouds blown by the wind. Typically, 
they are observed at altitudes above about 6000 m (20,000 ft). 


Altocumulus Middle clouds composed of water droplets and 
ice crystals at elevations usually between 2000 m and 7000 m 
(6500 ft and 23,000 ft) above the surface. (If you hold your hand 
at arm’s length, the individual puffs will be about the size of 

your thumbnail). 


Cirrostratus A wide-spread high cloud composed of ice l 
crystals, that is normally white and usually covers a large 
portion of the sky. Sometimes halos around the sun or moon are 
the only indication of its presence. 


Cirrocumulus These high clouds are small rounded white 
puffs composed of ice crystals. (The hole in the center may have 


been produced by a jet aircraft descending through the cloud 
deck.) 


Altostratus This gray-looking water droplet and ice crystal 
middle cloud often blurs the sun, making it appear watery or 
“dimly visible”. 


Nimbostratus A dark gray- 
the entire sky. Steady rain o 
: fragmented cloud beneath t 


looking cloud that often covers 
r snow falls from its base. The 
he nimbostratus is Stratus 


Fractus, or scud. 


Stratus This low, uniform, grayish-looking cloud typically 
has a base below 2000 m (6500 ft). Drizzle may fall from its 
base. It is distinguished from altostratus in that the sun is 
not usually visible through stratus. 
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Stratocumulus A low, ten 
lumpy-looking wide fa 
spread cloud with dark place 
and light shading. (If you 
hold your hand at arm's 
length, the individual 
cloud elements will 
appear to be about the 
size of your fist.) 
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Cumulus Small, puffy 
clouds with relatively flat 
bases and limited vertical 
growth. 


Cumulus congestus 
Cumulus clouds that show 
extensive vertical 
development. They may 
form in rows, such as these, 
or as individual clouds that 
appear as a head of 
cauliflower. Showery 
precipitation may fall from 
cumulus congestus. 


Cumulus The sprouting 
clouds with pronounced 
vertical growth are cumulus 
congestus. The clouds with 
much smaller vertical 
extent are called cumulus 
humilis. The very small 
ragged-looking clouds are 
called cumulus fractus. 


Cumulonimbus This cumuliform cloud may 


develop vertically to great heights, often with a 
sprouting anvil-shaped top. It produces heavy 
showers of rain or snow, lightning and thunder, 
and strong, gusty surface winds. 


Mammatus Downward moving air causes 
these clouds to hang from the base of another 
cloud—most often a cumulonimbus or an 
altostratus. 


Lenticular These lens-shaped clouds often 
form in waves that develop downwind of a 
mountain. They normally remain in one place 
as the air rushes through them. 


COPYRIGHTO 1988 By WEST PUBLISHING CO. 


50 West Kellogg Boulevard 

P.O. Box 3526 

St. Paul, Minnesota 55165 
All rights reserved 


ob Me 64 E O OD Re 


SSS SS ONA SEI SA M aS O QS A O O QS SEE SO MD AS S S O O O me O BS OS LS E DR LD CIO OS MS A OS SY nd ds SOD O AES OS Os OD ENG END HD OS SY On en A SD GU Bad Sad Bk a aad wes 


MUSEOS 
Beeuno [F REMOVED | 


‘This ook i pro ovided as a Testi E 


af 
a 
f 


Ri) H- 5 
e $: T) 


si NGS ig al he Uni vasiy at 


| Nebraska a Omaha. Shi ppi a vas f: 


provided tough aga nti fon: be 


a? 


> United States Information Agency, 


